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ABSTRACT
A single, non-interacting bubble system was developed to determine the
mechanism of cell damage in bubble aerated bioreactors. Experiments utilizing this
system revealed that bubble bursting is the main cause of cell death in bubble aerated
bioreactors. The conditions under which cell death was maximal were identified. The
variables affecting cell death were used to develop a semi-theoretical bases for describing
cell death via bursting bubbles. A fluorescent visualization system was developed to
image cells in the bursting region. This system was used to confirm the hypothesized
death via bubble bursting mechanism and to determine the physical basis of the protective
effect afforded to cells against bubble aeration damage by Pluronic F68.
Hybridoma CRL-1606 cells producing anti(human fibronectin) IgG monoclonal
antibodies were used as a model cell line for the bubble aerated bioreactor studies. Air
lift bioreactor studies revealed that small bubbles and high gas flow rates resulted in large
cell death rates. In all experiments, cells either did not contact the bubbles and grew
normally, or upon contact with a bursting bubble the cells completely lysed. Cell death
rate was accurately modeled by a liquid entrainment rate, being equal to the volume of
liquid ejected or entrained out of the bioreactor by bubble bursting per volume of gas
introduced per unit time. Because these experiments were conducted in identical bubble
aerated bioreactors, the entrainment rate does not account for the effects of bioreactor
geometry. For constant volume systems, as the height of a bioreactor is decreased, the
frequency with which cells contact the bursting region will increase, increasing the rate
at which cells are damaged by entrainment phenomena.
Because the entrainment measurements were indirect proof that bubble bursting
caused cell death, a system to physically demonstrate cell death by bubble bursting was
developed. This system confirmed the air lift bioreactor results that bubble bursting was
the main cause of cell death. Dead cells were visible only on the inner walls, above the
liquid level of the bioreactor. Many dead cells were visible quite a distance above the
liquid level, confirming that cells were caught in the droplets generated by bubble lamella
and jet breakup, and that the droplets were ejected to considerable heights, eventually
colliding with the bubble column bioreactor wall and depositing cells which were killed
by this entrainment process.
Stabilized foam layers visualized by this technique showed that interfacial or film
drainage forces in the bubble lamella were insufficient to cause cell damage, at least on
the short time scale of the stabilization, approximately 2 to 3 minutes. Disruption of the
top few layers of the foam by addition of dilute antifoam confirmed that cell damage in
the foam layer does not occur until the onset of bubble rupture.
Cell death via bursting bubbles could be almost completely reversed by placing
a 2 cm thick light weight paraffin oil layer on top of the liquid in the bioreactor, or by
supplementing the culture medium with 0.2 % (w/v) Pluronic F68. Dead cells were not
visible in either system. Addition of the oil layer reversed the bubble bursting damage
by displacing the cells from the region of bubble bursting. Addition of 0.2 % (w/v)
Pluronic F68 resulted in a greater than 90 % cell viability after four hours of bubbling
at bioreactor conditions that resulted in complete cell death without Pluronic F68.
Microscale fluorescent visualization was used to elicit the mechanism by which
Pluronic F68 affords cell protection against bubble bursting forces. Photographs of
bubbles formed from cell cultures without Pluronic F68 supplementation revealed that
many cells were present on the bubble lamella. These cells were killed when the bubble
destabilized and broke. Photographs of bubbles formed from cell cultures with Pluronic
F68 supplementation revealed that the main protective mechanism of this polymer is to
quickly drain cells off the bubble lamella, away from the region where high shear forces
are generated upon bubble bursting. Collection of droplets formed from the lamella and
subsequent jet breakup revealed that no cells were trapped in the lamella or jet droplets,
indicating that drainage phenomena not only removes cells from the lamella prior to
rupture, but prevents cells from entering the boundary layer fluid that forms the top
portion of the jet, which subsequently breaks up into droplets. Thus, cells are also not
exposed to the high fluid shear present in the boundary layer of the jet.
Preliminary investigations indicate that Pluronic F68 may also reduce the shear
stress generated by a bursting bubble. The liquid velocity of the lamella upon bubble
rupture is proportional to the square root of the surface tension and inversely proportional
to the square root of the lamella thickness. Preliminary studies using a Pulsating Bubble
Surfactometer indicate that Pluronic may significantly reduce the dynamic surface tension
of the lamella-gas interface, thereby decelerating the lamella liquid velocity upon rupture.
Because Pluronic F68 has the ability to uniformly thin the lamella, removing bulk fluid
and cells from the lamella prior to destabilization and rupture, it is conceivable that the
lamella thickness just prior to rupture may be significantly increased, enough to render
a substantial reduction in bursting shear stress. If Pluronic F68 reduces lamella velocity
by either of these two mechanisms, then energy transfer to the receding lamella, rising
jet and surrounding fluid would be greatly reduced. This reduction in energy dissipation
would result in fewer cells being damaged by lamella and jet breakup; i.e. entrainment.
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CHAPTER 1. INTRODUCTION
1.1. Motivation
Mammalian cell culture is widely used for the large-scale production of biologics
such as growth factors, hormones, interferons, functional proteins and antibodies. For
many large or complex proteins, animal cells are the only organisms that possess the
necessary cellular machinery to produce correctly folded and glycosylated proteins.
Correct tertiary structure and post-translational modifications are essential for biological
activity of these proteins. Although almost any biochemical can be correctly expressed
in animal cells, in terms of process performance, mammalian cell cultures suffer from
many limitations.
Energy must be supplied continuously to these cultures to maintain a uniform cell
distribution and environment. This energy is usually transmitted to the medium by
mechanical agitation, pumping or by transfer from sparged gases. With scaleup based
on power input per unit volume of fluid, hydrodynamic and interfacial forces generated
by energy input devices are expected to be magnified in large-scale bioreactors. Lack
of a protective cell wall and the relatively large size of mammalian cells renders them
susceptible to these forces. Production in industrial animal cell culture bioreactors is
therefore limited to the ability to meet high oxygen demands and moderate heat and mass
transfer requirements without rendering cells susceptible to local hydrodynamic forces
and interfacial phenomena.
Oxygen, unlike most other nutrients which can be added in large dosages initially
and/or intermittently, is limited by its low solubility in ordinary aqueous medium and
must be supplied continuously. Several methods of oxygen supply to mammalian cell
cultures include: surface aeration, external oxygenation to achieve saturation of inlet
medium, permeation through membranes, gas sparging and addition of oxygen bearing
chemicals. For geometrically similar systems, the surface area-to-volume ratio, and thus
the volumetric oxygen transfer rate, decreases as the volume increases. Thus, surface
aeration adequately provides the total oxygen requirement to laboratory-scale bioreactors
(less than 10 L), but is inadequate for large-scale bioreactors. The application of
external oxygenation to suspension cell cultures is complicated by the requirement of
maintaining the cells in the bioreactor. External oxygenation also imposes an additional
capital expenditure. In addition to reducing the available bioreactor volume, silicone
tubing presents several operational concerns; including installation, damaged tubing, and
fouling via cell attachment and growth on the tubing. The addition of oxygen bearing
chemicals may introduce chemical species (and their by-products) that can be harmful to
the cells. The effectiveness of oxygen bearing chemicals is limited by the interfacial area
of, and the mass transfer rate across the chemical-medium interface. Furthermore,
separation of the chemicals in downstream processing can be problematic and costly.
Conceivably, the simplest, least expensive, and most efficient method of supplying
oxygen to a bioreactor is through direct bubble aeration with an oxygen rich gas.
However, direct sparger aeration of many types of tissue and insect cell cultures has been
shown to reduce growth extent and to damage cells to the level of cell lysis. Qualitative
correlations of cell damage with specific regions of energy dissipation in the bioreactor
have been presented in the literature. Detrimental forces may be experienced by cells
in the regions of bubble injection (Murhammer and Goochee, 1990), bubble rise
(Bavarian et al., 1991), bubble bursting (Handa et al., 1987a; Tramper and Vlak, 1988;
Tramper et al., 1986, 1988; Chalmers and Bavarian, 1991; Garcia-Briones and
Chalmers, 1992), and direct bubble-cell contacts (Bavarian et al., 1991).
Moreover, many investigators have realized a reduction in cell damage through
addition of surface active agents to the culture medium (Kilburn and Webb, 1968;
Mizrahi 1984; Handa et al., 1987, 1987a; Murhammer and Goochee, 1988, 1990;
Passini and Goochee, 1989; Gardner et al., 1990; J6bses et al., 1991; Garcia-Briones
and Chalmers, 1992). The addition of serum, serum components, viscous polymers,
and/or other high molecular weight, surface active agents reduce the damage caused by
gas sparging. The magnitude of the damage reduction is a function of the additive type
and its concentration, the cell type and its concentration, the medium components and
their concentration and the bioreactor type and its operating conditions.
Although these observations provide a better understanding of the physical events
which lead to cell damage in sparger aerated systems, they are not readily incorporated
into a mechanistic understanding of detrimental hydrodynamic or interfacial forces
imparted on cells in bubble aerated cultures. Such insights are necessary to predict the
influence of scaleup on gas/cell interactions and thus, the feasibility of direct sparger
aeration.
1.2. Thesis Objectives
The overall objective of this research is to identify and quantify the mechanism
by which direct gas sparging of suspension animal cell cultures reduces growth extent
and/or inhibits growth, leading to cell death. Towards this end, the specific aims are:
a) Determine the conditions under which a model hybridoma, suspension cell line,
CRL-1606 are damaged and/or growth inhibited in gas sparged bioreactors.
b) Develop semi-theoretical bases to describe the mechanisms of suspension cell
damage by sparger aeration and experimentally corroborate these relationships.
c) Develop a system to directly image the cell damage and thereby confirm the
hypothesized mechanism of damage.
d) Devise experiments to elucidate the mechanism of cell protection afforded by
addition of surface active agents to the culture medium.
1.3. Thesis Organization
This thesis is organized into six chapters. A review of the relevant literature is
presented in Chapter 2, with emphasis on factors affecting cell death in bubble aerated
bioreactors and mechanisms of cell protection. Experimental methods are detailed in
Chapter 3; including information on bioreactor and visualization system construction and
operation. Experimental results are reviewed and discussed in Chapter 4. Fluid physical
property data and the effects environmental parameters on cell growth are given in
Sections 4.1 and 4.2. The mechanism of cell death via bursting bubbles is described in
Sections 4.3 and 4.4. Fluorescent visualization studies on the evaluation of bubble
bursting damage as well as the mechanism of Pluronic F68 protection are described in
Sections 4.5 and 4.6. Conclusions are presented in Chapter 5. Recommendations for
further research are addressed in Chapter 6.
CHAPTER 2. LITERATURE REVIEW
2.1. Production of Biologics Using Animal Cells
Mammalian cell culture is widely used for the large-scale production of biologics
such as growth factors, hormones, interferons, functional proteins and antibodies. For
many large or complex proteins, animal cells are the only organisms that possess the
necessary cellular machinery to produce correctly folded and glycosylated proteins.
Correct tertiary structure. and post-translational modifications are essential for biological
activity of these proteins. For example, the activity of improperly folded recombinant
tissue plasminogen activator (•tPA) is repressed compared to that of the native protein,
and the nonglycosylated forms of erythropoietin (rEPO) and granulocyte/macrophage
colony stimulating factor (rGM-CSF) are cleared rapidly from circulation in vivo
(Cumming, 1991). Microbial cells such as E. coli possess none of the necessary cellular
machinery to produce properly folded and glycosylated proteins. Consequently, animal
cells are typically chosen to produce some of the most complex molecules in the
pharmaceutical industry.
Although almost any biochemical can be correctly expressed in animal cells, in
terms of process performance, mammalian cell cultures suffer from many limitations.
Animal cells grow slowly, and both productivities and the final cell concentrations are
often orders of magnitude lower than comparable microbial fermentations. Animal cells
also require complex and expensive culture media to grow. In addition, energy must be
supplied continuously to these cultures to maintain a uniform cell distribution and
environment. This energy is usually transmitted to the medium by mechanical agitation,
pumping or by transfer from sparged gases. With scaleup based on power input per unit
volume of fluid, hydrodynamic and interfacial forces generated by energy input devices
are expected to be magnified in large-scale bioreactors. Lack of a protective cell wall
and the relatively large size of mammalian cells renders them susceptible to these forces.
Production in industrial animal cell culture bioreactors is therefore limited to the ability
to meet high oxygen demands and moderate heat and mass transfer requirements without
rendering cells susceptible to detrimental, local hydrodynamic forces and interfacial
phenomena.
2.2. Bioreactors for Suspension Cells
2.2.1. Types of Bubble Aerated Bioreactors
Identification of the hydrodynamic phenomena leading to cell damage requires an
understanding of the bioreactor configurations utilized in sparger aerated cell cultures as
well as the methods by which energy can be dissipated in these systems. Bioreactor
designs which adequately fulfill the oxygen and energy requirements necessary to
maintain a uniform cell distribution and environment on a large-scale include the bubble
column, air lift, and combination agitated, bubble aerated bioreactor. In this thesis, only
bubble column and air lift bioreactors were used. A bubble column bioreactor is a
simple cylindrical reactor with a gas distributor at its base. The distributor can range
from a single small opening to a porous disk spanning the diameter of the column. An-
air lift bioreactor is a cylindrical reactor with a cconcentric inner draft tube, placed
slightly above the reactor base, employing a gas distributor at the base. Bubbles flow
through the inner draft tube, affecting a density difference and, therefore, a flow of fluid
from inside to outside the tube.
2.2.2. Methods of Oxygenation
Oxygen, unlike most other nutrients which can be added in large dosages initially
and/or intermittently, is limited by its low solubility in ordinary aqueous medium and
must be supplied continuously. Several methods of oxygenation include: surface
aeration, permeation through membranes such as silicone tubing placed within the
bioreactor, dispersion of oxygen bearing chemicals such as perfluorocarbons in the
medium, oxygenating the medium in a vessel external to the bioreactor, and sparging of
gas bubbles through the bioreactor volume.
There are limitations imposed by each of these methods. Assuming similar tank
geometries, the surface area-to-volume ratio, and thus the volumetric oxygen transfer
rate, decreases as the bioreactor volume increases. Thus, surface aeration adequately
provides the total oxygen requirement to laboratory-scale bioreactors (less than 10 L),
but is inadequate for large-scale bioreactors. Permeation of air through membranes can
be problematic. In this method, silicon tubing is wound around the inside surface of the
bioreactor. Tubing is susceptible to tearing and leakage as a result of being caught
around impellers, or by simple wear, in both cases forming bubbles. Fouling may occur
via cell attachment and growth on the tubing. Tubing also decreases the available
volume of the bioreactor, and is not easily scalable. Furthermore, large bioreactors
could require excessive lengths of tubing to meet oxygen demands. Some oxygen
bearing chemicals (or their by-products) have proven toxic to various cell lines.
Separation of the chemicals in downstream processing can be problematic and costly.
In addition, the oxygen transfer rate is limited by the rate of transfer between the oxygen
bearing chemical and the fluid medium which may not result in an appreciable increase
in transfer rate over oxygen-medium alone. Conceivably, the simplest, least expensive,
and most efficient method of supplying oxygen to a bioreactor is through direct bubble
aeration with an oxygen rich gas. This method of oxygenation is also easily scalable.
However, direct sparger aeration of many types of tissue and insect cell cultures has been
shown to reduce growth extent and to damage cells to the level of cell lysis.
2.3. Bubble Aerated Bioreactors
Although the bubble column, air lift and combination agitated, bubble aerated
bioreactors all adequately fulfill the oxygen and energy requirements necessary to
maintain a uniform cell distribution and environment, their designs have not been
thoroughly studied or optimized to minimize damaging effects to the cells while
maximizing productivities. Fluid shear stresses of the level produtced by impellers under
normal bioreactor operation (greater than 60 rpm) are sufficient to damage anchorage-
dependent mammalian cells (Cherry and Papoutsakis, 1986; Croughan et al., 1987;
Croughan and Wang, 1989), but are insufficient to damage suspension cells which can
withstand agitation rates of up to 700 rpm without damage (Oh et al., 1989; Passini and
Goochee, 1989; Gardner et al., 1990; Kunas and Papoutsakis, 1990). Gas sparging rates
required to sustain uniformity of environment in these three types of bioreactors are
known to damage both anchorage-dependent and suspension cells (Himmler et al., 1985;
Handa et al., 1987, 1987a; Murhammer and Goochee, 1988, 1990; Tramper and Vlak,
1988; Tramper et al., 1986, 1988; Chalmers and Bavarian, 1991; Garcia-Briones and
Chalmers, 1992). In support of this finding, for suspension cells grown in a bioreactor
that utilizes an agitator which promotes vortex formation, cell death is observed at a low
agitation rate of 160 to 200 rpm (Kunas and Papoutsakis, 1990). The cell death is caused
by entrainment of air bubbles and breakup of the air bubbles at the bottom of the vortex.
The cell death is not caused by the low level fluid shear generated at this rpm range.
In the absence of bubbles, suspension cells can withstand higher agitation shear
rates than anchorage-dependent cells because they are free to rotate and translate in
response to the fluid motion. In agitated bioreactors in the absence of bubbles, fluid flow
is mostly turbulent. Short-range hydrodynamic forces arise through the motion of
turbulent eddies which are generated by the agitator. Energy imparted by the moving
agitator is transferred from the largest to the smallest eddies, with the smallest eddies
being in the viscous dissipation regime (Tennekes and Lumley, 1972). For sufficiently
high bulk flow Reynolds numbers, the size of these smallest eddies is described by the
Kolmogorov length scales (Tennekes and Lumley, 1972):
L = (v3/P)14  (2.1)
v = (vP) 4 (2.2)
where L is the length scale, v is the velocity scale, v is the kinematic fluid viscosity, and
P is the local power dissipation rate per unit mass.
Previous research has shown that cells are damaged by small, intense eddies of
a velocity large enough to damage an individual cell, and of a size small enough to
prohibit the cell or surface on which the cell is attached from being entrained in the
motion of the eddy (Croughan et al., 1987). Thus, the cell experiences more of the full
force of the eddy. Eddies of a Kolmogorov length equal to or smaller than the diameter
of the cell, or surface on which the cells are attached, are likely to be unable to entrain
the cell or surface, and will thereby damage the cell.
Assuming that an eddy of size equal to the diameter of a suspension cell is
required to result in cell damage, Equation (2.1) predicts that an agitation rate of
800 rpm would be required to damage cells suspended in a typical bioreactor medium
(Kunas and Papoutsakis, 1990). This value is close to the aforementioned value of
greater than 700 rpm reported to result in suspension cell damage. Using FS-4 human
diploid fibroblasts, Croughan et al. (1987) have shown that when the Kolmogorov length
scale is below about 100 Cm, about half the diameter of the microcarrier on which the
cells are attached, cell damage occurs. This Kolmogorov length scale corresponds to an
agitation rate of about 90 rpm which is also close to the aforementioned value of greater
than 60 rpm reported to result in anchorage-dependent cell damage. Equation (2.1)
predicts that an increase in fluid viscosity would result in an increase in the Kolmogorov
length scale, thereby dampening turbulence and cell damage. The protective effect of
thickening agents against turbulent damage in microcarrier cultures of FS-4 human
diploid fibroblast cells was demonstrated by Croughan et al. (1989). Supplementation
of the cell culture medium with dextran resulted in a viscous reduction in turbulent
damage.
Although the mechanism by which fluid shear damages mammalian cells in
agitated bioreactors is well characterized, the mechanism of cell death via bubble aeration
is not well understood. Correlations of cell death rate with various operating parameters
have been presented in the literature. Furthermore, a reduction in bubble aeration
damage afforded by addition of various surface active compounds to the culture medium
have been reported. However, no mechanistic study has been performed to elucidate the
physical phenomena responsible for damage and to model this phenomena in terms of
hydrodynamic parameters. An analysis of existing literature data was performed to
rationalize the dependence of each operating parameter on cell death rate and to
determine the order of magnitude effect of each parameter on cell death rate. This
information was then used to hypothesize a "most-probable" mechanism of damage for
further study.
2.3.1. Physiological Effects of Gaseous Oxygen
Phenomena that might affect cell damage in bubble aerated bioreactors can be
divided into hydrodynamic and physiological phenomena. Physiological phenomena,
such as denaturation of proteins via exposure to fluid shear, contact with gas-liquid
interfaces or attack by oxygen radicals contribute directly to cell death by depriving cells
of essential nutrients, and indirectly because nutrient deprived cells are more susceptible
to hydrodynamic stress (Al-Rubeai et al., 1990). However, detrimental effects of
physiological phenomena have been shown to be of much smaller magnitude and to occur
on much larger time scales than the hydrodynamic forces acting in bubble aerated
bioreactors. For example, cell culture medium that was sparged for seven days at a high
gas flow rate and then used to culture CRL-1606 cells rendered a lower growth rate and
lower cell yield than fresh medium (Aunins et al., 1986). The lower growth rate and
cell yield was attributed to irreversible denaturation of nutrients. An approximate 10 %
reduction in growth rate over a time ccu,:se of seven days was reported. In comparison
to the growth rate reduction reported in this thesis for bubble aeration of CRL-1606 cells,
this 10 % reduction in growth rate is orders of magnitude less and occurs over the course
of seven days in contrast to about 12 hours.
Previous researchers have postulated that cell damage in bubble aerated
bioreactors is the result of an increase in dissolved oxygen tension in sparged versus
surface aerated cultures (Telling and Elsworth, 1965). Dissolved oxygen tensions above
60 % of air saturation are known to be detrimental to mammalian cells (Self et al., 1968;
Radlett et al., 1972; Taylor et al., 1971; Balin et al., 1976; Kilburn et al., 1969;
Reuveny et al., 1986). In addition, an increase in dissolved oxygen would increase the
generation of oxygen free radicals which are known to react with unsaturated fatty acids
in proteins, enzymes, cell membranes and DNA, resulting in oxidation of the molecules.
Work on surface aerated and bubble aerated cultures of mouse LS cells operated
at identical oxygen partial pressure indicate that bubble aeration damage is not related to
dissolved oxygen tension (Kilburn and Webb, 1968). The results showed a dramatic
reduction in cell growth rate for the bubble aerated cultures. The reduced growth rate
was attributed to surface active forces at the bubble interface which modified or stripped
a surface layer from the cell, increasing its permeability and eventually lysing the cell.
Because the detrimental effects of physiological phenomena on mammalian cells
in bubble aerated bioreactors have been shown to be insignificant in comparison to the
hydrodynamic forces acting in the bioreactor, this thesis focuses only on the
hydrodynamic phenomena.
2.3.2. Regions of Energy Dissipation in Bubble Column and Air Lift Bioreactors
Previous work on bubble aerated bioreactors correlates cell damage with specific
regions of energy dissipation in the bioreactor, as illustrated in Figure 2.1. Detrimental
forces may be experienced by the cells in the regions of bubble injection, bubble rise,
bubble bursting or direct bubble-cell contacts.
In the region of bubble injection, bubbles breakup and coalesce to form an
equilibrium bubble size within a distance of a few centimeters from the base of the
bioreactor. Hydrodynamic phenomena which may be affecting cell death in this region
include shear stresses at the orifice which are expected to be a function of bubble
formation rate, turbulence which may be generated by the chaotic flow behind the bubble
as it pinches off from the orifice which can be modeled by Kolmogorov eddy lengths
(Tennekes and Lumley, 1972), acoustical energy generated by the rapid oscillation the
bubble undergoes as it pinches off from the injector, and interfacial forces associated
with cells being caught in the vicinity of coalescing and disintegrating bubbles.
3. BUBBLE BURST
shear = f(gas flow rate, bubble diameter)
Cell
4. INTERFACIAL
adsorption = f (interfacial area,
surface tension,
interfacial tension)
2. BUBBLE RISE
shear = f (bubble rise velocity)
turbulence = f (Kolmogorov eddy length)
residence time = f (liquid height, bubble rise velocity)
L BUBBLE INJECTION
shear = f (bubble formation rate)
turbulence = f (Kolmogorov eddy length)
acoustical energy = f(bubble vibration)
interfacial forces = f (coalescence and breakup)
Figure 2.1. Regions of energy dissipation in bubble aerated bioreactors.
In the region of bubble rise, the now equilibrium size bubbles rise at relatively
constant velocity and thus constant shear rate through the bulk of the bioreactor.
Hydrodynamic phenomena which may be affecting cell death in this region include shear
stresses generated by bubble rise which are expected to be a function of bubble rise
velocity. Turbulent eddies formed behind the rising bubbles, which are defined by the
Kolmogorov length scale may also be damaging to cells. For constant volume systems,
these two stresses would affect more cells as the bioreactor height, and thus bubble
residence time, increased.
In the region of bubble bursting where the bubbles disengage from the bioreactor,
cedi damage is expected to increase with increasing gas flow rate, which results in
increasing bubble frequency, and thus an increasing number of bursting events. The
magnitude of the bubble diameter will also have an affect on the intensity of the bursting
event.
In the interfacial cell-bubble contact regions the cell may adhere directly to the
gas-liquid interface. If cell damage occurs by this mechanism it should correlate with
specific interfacial area, surface tension, or some other parameter defining the affinity
of the cells for the interface which accounts for the presence of competing substances
such as surfactants.
2.3.3. Variables Affecting Cell Death
The specific cell death rate is defined by:
dX (p - kd)X = pX (2.3)
where X is the viable cell concentration (cell/mL), t is the growth time (hr), A is the
specific cell growth rate under optimal conditions (hr '), kd is the specific cell death rate
(hr -'), and IA, is the apparent, experimentally measured cell growth rate, being the
difference between the cell growth rate under optimal conditions and the specific cell
death rate for the conditions under investigation.
A survey of the literature, reveals the variables which are known to affect the
specific cell death rate, ld:
kd = f [Q , H-', D , db] (2.4)
Cell death rate has been shown to be linearly proportional to the gas flow rate, Q,
(Handa et al., 1987a; Tramper et al., 1988; J6bses et al., 1991), inversely proportional
to the liquid height, H, (Handa et al., 1987; Tramper and Vlak, 1988; J6bses et al.,
1991), proportional to the square of the tank diameter, Dr, (Tramper et al., 1988), and
proportional to the reciprocal bubble diameter, db, to some yet unknown power, a,
(Handa et al., 1987a; and Tramper and Vlak, 1988).
Based on bubble dynamics theory, a rationalization for the dependence of death
rate on each of these parameters has been developed. As the gas flow rate is increased,
the bubble frequency, fb, being equal to the gas flow rate divided by the bubble volume
increases, increasing the frequency by which death occurs by any of the mechanisms
discussed in Section 2.3.2.
fb= (2.5)
xdb
The dependence of death rate on bioreactor geometry can be rationalized if it is
modeled in terms of the frequency at which a cell encounters the gas-liquid interface at
the top of the bioeactor where the bubbles burst. If it is assumed that the cells move
with the bulk flow of the liquid rather than adhering to the bubble interface, the
frequency of interface contact, fi, is given roughly by the velocity of the liquid, VL,
divided by twice the liquid height:
(°/'
vf v, _ (qH)P (2.6)
2H H H H
constant Volume
In turn, the liquid velocity correlates with the superficial gas velocity, v., to the power
3; the superficial gas velocity being the gas flow rate divided by the bioreactor cross
sectional area. f3 is determined by the flow regime as well as by bioreactor geometry
and usually falls between 0.3 and 0.4 (Bello et al., 1984). At constant bioreactor
volume, V, the diameter of the bioreactor is inversely proportional to the liquid height.
A decrease in the bioreactor height, which dictates an increase in the bioreactor diameter,
results in an increase in the frequency of interface contact and thus an increase in the
frequency of exposure of the cells to the region of bubble bursting where damage is
proposed to occur; resulting in an increase in cell death rate. The dependence of cell
death rate on the frequency of cell contact with the gas-liquid interface, where
detrimental bubble bursting forces occur, was confirmed by varying the fetal calf serum
(FCS) concentration of medium used in bubble column bioreactors (Handa et al., 1987).
At a height to diameter ratio of 10:1, 5 % (v/v) FCS was sufficient to attain the same
final cell concentration as a surface aerated control. However, at a height to diameter
ratio of 5:1 not even 10 % (v/v) FCS was sufficient to offset the higher frequency of cell
contact with the detrimental region of bubble bursting.
If the bubble diameter is decreased, according to Equation (2.5) the bubble
frequency increases, again resulting in an increased cell death rate. Although the exact
functionality of the relationship between bubble diameter and cell death rate has not been
determined, it is known that for bubble diameters less than 5 mm cell death rate is
proportional to the reciprocal bubble diameter to some unknown power, and for bubble
diameters greater than 5 mm, death rate is independent of bubble diameter. This bubble
diameter of 5 mm will be important as the mechanism of cell death is developed at a
later time in this thesis.
2.4. Surface Active Additives
2.4.1. Description of Additive Types and Actions
Additives used in agitated and bubble aerated bioreactors to reduce the detrimental
effects of fluid shear and interfacial forces can be divided into two categories; viscosity
enhancers and surface active additives. Viscosity enhancers include dextran,
carboxymethylcellulise (Edifas A and B), modified gelatin (Haemaccel), hydroxyethyl
starch (HES) and polyvinylpyrrolidone (Periston). Analogous to the viscous reduction
of turbulent damage in agitated bioreactors, these additives are believed to protect cells
by damping turbulent eddies generated by bubble hydrodynamics, or by surround the
cells and protecting them from fluid shear and interfacial forces. Surface active additives
include serum, polyethylene glycol (PEG), polyvinyl alcohol and Pluronics (including
L64, F68, F77, F88, and F108). These additives are believed to protect cells against
fluid shear and interfacial forces by either facilitating nutrient transport into the cell,
increasing the shear resistance of the cell itself, or by decreasing the intensity of external
hydrodynamic forces.
Facilitated nutrient transport may be accomplished by association of the surface
active additive with the cell membrane in a manner that reduces the resistance to nutrient
transport. Although this association may not protect the cell from external hydrodynamic
forces, it would stimulate the growth rate of the viable cells. An increase in the shear
resistance of the cell could be afforded by embedding of the surface active additive into
the cell membrane, thereby decreasing the fluidity and elasticity of the membrane.
Surface active additives may reduce hydrodynamic and interfacial forces by affording a
reduction in surface tension, or an alteration of other interfacial properties such as film
drainage and bubble bursting dynamics. The magnitude of the protective effect realized
by each of these three mechanisms has been proven to be a function of the additive type
and its concentration, the cell type and its concentration, the medium components and
their concentration as well as the bioreactor type and its operating conditions.
2.4.2. Enhanced Growth and Metabolism Afforded by Additives in Static Culture
This section addresses the results of cells cultured under static conditions, e.g.,
T-flasks, and under mild agitation, e.g., spinner flasks operated at low rpm, for which
the low level of fluid shear generated by the agitator had no effect on the cells. In the
absence of fluid mechanical and interfacial forces, enhanced growth and metabolism of
cells conferred by medium additives must be the result of facilitated nutrient transport
to the cells, or substitution for the nutritive requirement of a substance, which is essential
for optimum growth, that is reduced or eliminated from the culture medium. Because
of its high cost and the possibility of viral contamination, serum is a common nutrient
source for which substitutes are actively sought.
It is a well known fact that higher concentrations of serum stimulate faster cell
growth. It is also believed that serum plays a role in protecting cells from hydrodynamic
and interfacial forces. Numerous studies have been performed in which serum is
partially replaced by various additives in an attempt to approach the maximum cell
growth rate at reduced serum concentrations. In addition, supplementation of culture
medium that contains the optimum concentration of serum for maximum growth with
additives in an attempt to further augment the cell growth above the maximum growth
rate have been performed.
With regard to augmentation of cell growth, 0.05 % to 0.2 % (w/v) Pluronic F68,
F77, F88 and F108 were added to spinner flask cultures of two different human
lymphocyte cell lines grown in RPMI 1640 medium supplemented with 5 % (v/v) FCS
(Mizrahi, 1975). Cell yields increased as the concentrations of both Pluronics F68 and
F88 were increased from 0 % to 0.05 % to 0.1 % (w/v). Poor growth was observed in
the presence of 0.2 % (w/v) of all of the Pluronics, and in the presence of 0.05 % to
0.2 % Pluronics F77 and F108. In another study (Handa et al., 1987a), 0.05 % to
0. 1 % (w/v) Pluronic F68 was added to spinner flask cultures of hybridoma cells also
grown in RPMI 1640 medium supplemented with 5 % (v/v) FCS. No augmentation of
cell growth rate was observed. In both studies, the Pluronics were not metabolized and
the morphology of the cells was not altered.
These results suggest that the additives are not replacing the nutritive value of
serum and, most likely, the additives are not adsorbed into the cell membrane. In both
studies, the viscosity and surface tension of the medium were measured. There was no
correlation of cell growth rate with molecular weight of the Pluronics, medium surface
tension, or medium viscosity. Mizrahi (1975) noted that the decrease in surface tension
upon addition of Pluronics to the medium was directly proportional to the concentration
of Pluronic added. From this observation he suggested that the reduction in surface
tension served to augment cell growth by facilitating nutrient transport into the cell.
In another study in which 0.05 % to 0.1 % (w/v) Pluronic F68 was added to
static cultures of chick embryonic fibroblasts and Syrian hamster melanoma cells,
cultured in MEM supplemented with 15 % (v/v) FCS, mixed results were obtained.
Concentrations of 0.05 % to 0.1 % Pluronic F68 inhibited fibroblast growth but strongly
stimulated melanoma cell growth, for which growth increased with increasing
concentration of Pluronic F68 (Bentley et al., 1989). As suggested by Mizrahi (1975),
the increased growth rate for the melanoma cells was also attributed to increased nutrient
uptake by the cells. In addition, all of the aforementioned results show that the effect
of additives on cell growth rate and metabolism is a function of the additive type and its
concentration, the medium components and their concentration and the cell type and its
concentration.
In support of the facilitated nutrient hypothesis, it is a well known biological
phenomenon that the addition of a wetting agent, such as surfactant, to medium allows
the nutrient material of the culture medium to come in more intimate contact with the
exterior of each growing cell, and thus facilitates faster utilization of the nutrients with
the consequent stimulation to growth of the organism (Frobisher, 1957). Several
examples of this facilitated nutrient transport have been reported. One hundred and
fifteen cationic, anionic and nonionic surfactants were tested to determine if they
stimulate the growth of fungi (Marwin, 1959). Among the nonionic surfactants tested
were Pluronics L64, L61, L62 and F68. Colony diameters were measured to determine
growth extent. Only the nonionics augmented the growth of all nine human pathogenic
fungi tested. Among these was 0.2 % (w/v) Pluronic L64. In this study, Pluronic F68
did not augment growth. In addition, supplementation of yeast cultures with 0.05 % to
0.1 % (w/v) Pluronic F68 can perturb membrane permeability and transport processes
(King et al., 1988). The perturbation in membrane permeability could be attributed to
solubilization (surrounding) of the membrane by Pluronic F68, or by displacement of
membrane proteins by Pluronic F68.
2.4.3. Protective Effects of Additives in Surface Aerated Bioreactors
Many types of animal and insect cells have been shown to be damaged by fluid
shear forces generated by high level agitation in agitated, surface aerated bioreactors.
Fortunately, this damage can be reduced or eliminated by supplementation of the medium
with serum, serum components, viscosity enhancers or surface active agents. Although
the stimulatoly effect of serum on cell growth rate is well documented, it is also believed
that serum plays a role in protecting cells from hydrodynamic and interfacial forces.
Whether this protection is afforded by increased medium viscosity which would dampen
turbulent shear, or by providing a protective barrier around the cell, or both is still
debated.
The effect of high level agitation on the growth of mammalian cells at reduced
serum concentration in agitated, surface aerated bioreactors was studied by several
investigators. Higher growth rates and higher cell yields were achieved in cultures of
lymphocyte cells grown in surface aerated spinner flasks operated at 100 rpm by
supplementing RPMI 1640 medium with 5 % versus 2 % (v/v) FBS (Mizrahi and Moore,
1970). Hybridoma cells grown in a 1.2 L agitated, surface aerated bioreactor did not
grow at agitation rates above 210 rpm when supplemented with 5 % (v/v) FBS (Kunas
and Papoutsakis, 1989, 1990a). Increasing the serum concentration to 10 % (v/v)
allowed these cells to grow normally at agitation speeds up to 280 rpm. This protective
effect of serum against high level agitation is realized even if low serum medium (1 %
(w/v)) is supplemented with 5 % or 10 % (v/v) total serum just before or just after
exposure of the cells to detrimental agitation speeds (Kunas and Papoutsakis, 1990a).
This finding suggests that the observed increase in growth is not due to stimulatory
effects of higher FBS concentrations on cell growth, but rather, the observed increase is
due to protection of the cells against fluid shear stresses.
Another hybridoma cell line grown in DMEM supplemented with 2 % (wAv) FBS
was capable of normal growth at agitation rates up to 360 rpm in a 600 ml bioreactor
equipped with a six-blade turbine impeller (Ramirez and Mutharasan, 1990). Above this
agitation speed, bubble entrainment from the liquid surface caused the formation of a fine
bubble dispersion which resulted in cell death. Kunas and Papoutsakis (1989, 1990a)
also reported the formation of bubbles in their bioreactors at agitation speeds below
200 rpm. The presence of bubbles, which are known to be detrimental to the cells, could
explain why a much higher serum concentration was required to maintain cell growth in
their system.
Kunas and Papoutsakis (1989) concluded that the protective effect of serum
against high level agitation was primarily due to protection of the cells against
hydrodynamic stresses. They conclude that this protection may be afforded by adsorption
of the serum onto the cell membrane, thereby forming a condense monolayer around the
cell membrane than protects it from fluid stresses, but that does not necessarily increase
cell growth via facilitated nutrient transport. Ramirez and Mutharasan (1990), used
fluorescence anisotropy to show that the protective effect of serum against high level
agitation is at least partially due to the ability of serum to reduce the plasma membrane
fluidity through transfer of cholesterol from lipoproteins in serum to the plasma
membrane. Couette viscometer studies with cholesterol enriched cells showed that
susceptibility to viscous shear stresses correlated with the percentage of cholesterol in the
cell membrane as measured by fluorescence anisotropy; i.e. cell survival correlated with
a reduction in the fluidity of the plasma membrane afforded by an increase in the
cholesterol content of the cell membrane.
Numerous studies have been performed in which serum is partially replaced by
viscosity enhancers in an attempt to approach the maximum cell growth rate afforded by
the optimal level of serum at reduced serum concentrations. If cell damage in agitated
systems is due primarily to turbulent shear, then the damage should be reversible to some
degree by increasing the medium viscosity (Section 2.3). Mizrahi and Moore (1970)
studied the effects of partial replacement of serum by synthetic polymers in agitated,
surface aerated bioreactors of human lymphocyte cells. Polymers were added in different
concentrations such that the viscosity of the media would remain approximately the same
to medium supplemented with 5 % (v/v) fetal bovine serum. The results demonstrated
that at constant medium viscosity, cell yields were dependent on the additive type. With
the medium viscosity unchanged, the minimum concentration of serum required to sustain
good cell growth could be reduced from 5 to 2 % (v'v) by addition of 0.1 to 0.2 % (w/v)
of the polymers. Furthermore, supplementation of media containing 2 % (v/v) FBS with
0.2 % modified gelatin (Haemaccel), 0.2 % hydroxyethyl starch (HES), 0.1 %
carboxymethylcellulose (Edifas B-50), 0.2 % dextran or 0.2 % polyvinylpyrrolidone
(Periston) increased cell yields in comparison to medium containing only 2 % (v/v) FBS.
These experiments were performed on three different human lymphocyte cell lines and'
the extent of growth enhancement was found to be cell line dependent. These authors
conclude that protection is not afforded by increased medium viscosity. Instead, they
conclude that the function of serum proteins and the polymer additives is the same; both
bind to the surface of the cells and protect them from physical stresseF.
The same conclusion was reached for cultures of a human skin cell line, a fragile,
monkey kidney cell line and a mouse fibroblast cell line in protein free medium
supplemented with methylcellulose (Bryant, 1966, 1969; Bryant et al., 1961). Static
cultures of these cells could be grown without methylcellulose, but shake flask cultures
had to contain some methylcellulose. Different viscosity grades and concentrations of
methylcellulose, from 0.06 to 0.12 % were used to determine the effect of viscosity on
cell protection against agitation damage. Low concentrations of the lowest viscosity
grade tested rendered the same protective effect as higher viscosity grades. The lowest
viscosity grade at the highest concentration gave the best results. Interestingly, the
viscosity of the medium decreased with time, suggesting that the methylcellulose
adsorbed onto the cells. Based on this finding, it was suggested that methylcellulose
protects cells against agitation damage by adsorbing to the cell wall, strengthening the
cell wall and reducing the permeability of the cell wall such that essential nutrients did
not leak out.
Kuchler et al. (1960) found that either 5 % (v/v) horse serum or 0.12 %
methylcellulose was required to prevent the formation of sheets of dead cells and fibers
at the gas-liquid interface of a serum free medium (Parker's 199) in shaker flasks.
Serum proteins and methylcellulose were believed to prevent cell aggregation by
adsorbing onto the cell membrane, thereby neutralizing the surface charge. Cells
removed from a medium containing serum lose a portion of their bound serum proteins.
Thus, in serum free medium adsorbed protein dissociates, leaving free sites available for
binding by other surface active molecules. At physiological pH levels, these free sites
are negatively charged. Methylcellulose contains some free carboxyl groupings, so
binding of methylcellulose to the surface of the membrane may occur in the same manner
as for serum proteins. The binding of methylcellulose would neutralize the negative
charge on a cell and prevent cells from clumping in medium.
MEM supplemented with 24 g/l carboxymethylcellulose (Edifas B-50), 0.2 %
(w/v) tryptose phosphate broth and 10 % (v/v) BS adequately protected BHK 21 cells
from agitation damage in a 30 L surface aerated bioreactor operated at 330 to 460 rpm
(Telling and Elsworth, 1965). The effect of carboxymethylcellulose (Edifas B-50),
hydroxyethyl starch (HES) and Pluronics F68, F77, F88 and F108 on human lymphocyte
cdlls in 100 ml spinner flasks operated at 100 rpm was reported by Mizrahi (1984). The
polymers were not metabolized, but protected the cells from mechanical damage due to
agitation. In the presence of Edifas B-50 and HES, lower rates of glucose consumption
were obtained, albeit higher cells yields. The explanation for the contradictory trends
was that Pluronic F68 surrounds the cells, protecting them from hydrodynamic and
interfacial forces generated in agitated and bubble aerated cultures, but in doing so
hinders glucose transport into the cell. The reduction in cell growth rate due to reduced
glucose consumption was small in comparison to the increase in growth rate afforded by
the protective effect, rendering the observed increasing cell yield with reducing glucose
consumption rate. The effects of the Pluronics were discussed in Section 2.4.2
(Mizrahi, 1975).
Various types of surface active compounds were also tested to determine their
ability to protect cells against agitation damage in reduced serum cultures. Pluronics F68
and F88 have been proven to protect cells from hydrodynamic damage in agitated
cultures. Addition of 0.1 % (w/v) Pluronic F68 to serum free shaker flask cultures of
fibroblast cells eliminated the formation of non-cellular precipitate which was responsible
for erratic growth of the cells (Swim and Parker, 1960; Runyan and Geyer, 1963; Radlett
et al., 1971). Supplementation of the serum free medium with 0.05 % (w/v)
methylcellulose was -hown to produce the same result. Swim and Parker (1960)
concluded that Pluronic F68 does not function in the same manner as methylcellulose in
facilitating growth of cells in minimal media, but rather the growth enhancing activity
of Pluronic F68 appears to be directly related to its ability to prevent the precipitation
of protein from the medium. In medium which is suboptimal for growth, many cells will
degenerate, freeing fibrous material which accumulates at the gas-liquid interface and
entraps other free cells. In addition, cells may produce soluble proteins which denature
at the gas-liquid interface. Pluronic F68 was believed to adsorb to the cell membranes
and to the gas-liquid interface, thereby displacing cells and proteins from this damaging
region and preventing cell aggregation.
In another study on the growth of hybridoma cells in shake flasks, identical cell
yields were obtain by culturing the cells in a low protein formulation of DMEM
supplemented with 5 % (v/v) FCS or 1 % (v/v) FCS, 0.25 % (w/v) Primatone RL (an
enzymatic digest of animal cells) and 0.01 % (w/v) Pluronic F68 (Reuveny et al., 1985).
Similar results were obtained for the growth of Namalva human lymphoblastoid cells
cultured in laboratory scale spinner flasks (10 to 2000 ml) as well as in pilot scale vessels
(20 L) equipped with turbine or marine blade impellers (Mizrahi, 1981). Identical
growth rates and cell yields were obtained in all bioreactor scales using RPMI 1640
medium supplemented with 5 % (v/v) FBS or 3.5 % (v/v) polyethylene glycol-treated
bovine serum, 0.75 % (w/v) Primatone RL, and 0.2 % (w/v) Pluronic F68. RPMI
supplemented with 3.5 % (w/v) polyethylene glycol-treated bovine serum alone, or
0.75 % (w/v) Primatone RL and 0.2 (w/v) Pluronic F68 rendered lower growth rates and
cell yields than for the medium supplemented with 5 % (v/v) FBS.
The protective effect of two other surface active additives, namely polyethylene
glycol (PEG) and polyvinyl alcohol against agitation damage have been studied
(Michaels, 1991, 1991a). The protective effect afforded by Pluronic F68 was also
studied. Different concentrations of varying molecular weigh PEG's were tested. All
PEG's with molecular weights greater than 1400 rendered similar protective effects. In
addition concentrations greater than 0.05 % (w/v) of any of these PEG's did not
significantly improve the protective effect. Hybridoma cultures grown in 1.2 L
bioreactors operated at 230 rpm using serum free hybridoma medium supplemented with
0.1 % (w/v) PEG, 0.2 % (w/v) PVA or 0.1 % (w/v) Pluronic F68 all showed improved
cell growth over serum free hybridoma medium alone. Comparison between the
surfactants revealed that PVA afforded the best protection against agitation damage,
followed by Pluronic F68 and then PEG. Protection against agitation damage was
afforded to cells irrespective of whether the cells were grown in the presence of each of
the surfactants prior to and during the agitation studies, or whether the surfactants were
added just prior to initiation of higher levels of agitation. High molecular weight PEG's,
PVA and Pluronic F68 were found to have no effect on cell growth rate in static and low
level agitation cultures. These two findings point to the conclusion that these surface
active additives do not increase cell yields by stimulating cell growth. Instead, these
additives appear to protect cells against fluid mechanical forces generated in agitated
bioreactors.
The protection against fluid mechanical forces afforded by these three polymers
could not be directly correlated with reduction in surface tension or increase in medium
viscosity (Michaels, 1991). Medium viscosity was not appreciably altered by any of the
three additives. Although surface tension of the medium was reduced by supplementation
with PVA or Pluronic F68, PEG did not result in a reduction in surface tension over the
value for the medium alone. Some other mechanism of protection that may be related
to surface activity of the additives and the ability to reduce surface tension, but that is
not completely described by either alone must be responsible for the protective effect.
2.4.4. Protective Effects of Additives in Bubble Aerated Bioreactors
Many types of animal and insect cells have been shown to be damaged by fluid
shear and interfacial forces generated in bubble aerated and agitated, bubble aerated
bioreactors. Cell damage caused by high agitation in agitated, surface aerated bioreactors
was proven to be reversible by supplementation of the culture medium with serum, serum
components, viscosity enhancers or surface active agents (Section 2.4.3). The damage
in bubble aerated bioreactors without agitation can be reversed through supplementation
of the culture medium with serum or surface active agents, but not with viscosity
enhancers.
Croughan et al. (1989) has shown that turbulent fluid shear forces in impeller
agitated microcarrier bioreactors can be decreased by increasing the viscosity of the fluid.
Handa et al. (1987) found that increased fluid viscosity obtained by addition of 0.1 %
(w/v) dextran or 0.1 % (w/v) carboxymethylcellulose (Edifas A) to suspensions of
hybridoma cells cultured in bubble columns did not decrease cell damage. The same
result was found for BHK 21 cells cultured in MEM supplemented with 0.24 % (w/v)
carboxymethylcellulose, 0.2 % (w/v) tryptose phosphate broth and 10 % (v/v) BS
(Telling and Elsworth, 1965). The cells were able to grow normally at agitation rates
up to 330 to 460 rpm but were unable to withstand sparger aeration of 4 L/min
(0.13 wm). Since increased fluid viscosity did not decrease cell damage, detrimental
hydrodynamic forces arising from turbulent fluid motion around rising bubbles may be
of little or no importance to cell viability in suspension cultures. It will be demonstrated
in Section 2.5.5 that medium viscosity has no effect on the magnitude of shear generated
by bursting bubbles.
Reduced serum concentrations are shown to dramatically decrease the cell growth
rate of mammalian cells cultured in bubble aerated and agitated, bubble aerated
bioreactors. LS mouse cells cultured in an agitated, bubble aerated bioreactor using
medium supplemented with 2 % (v/v) horse serum were damaged by bubble aeration
(Kilburn and Webb, 1968). This damage was reversed by increasing the concentration
of horse serum to 10 % (v/v). Increasing the concentration of serum from 0 % to 10 %
(v/v) in bubble column bioreactors of hybridoma cells grown on RPMI 1640 medium
reversed the cell damaged caused by bubble aeration for bioreactors with large height to
diameter ratios (Handa et aL., 1987). At a height to diameter ratio of 10:1, 5 % (v/v)
FCS was sufficient to attain the same final cell concentration as a surface aerated control.
However, at a height to diameter ratio of 5:1 not even 10 % (v/v) FCS was sufficient
to offset the bubble aeration damage. In these experiments, the total liquid volume was
kept constant. Hence the decrease in liquid height was accompanied by an increase in
the bioreactor diameter. If cell damage occurred in the region of bubble rise, cell
damage would be expected to increase as the height of the reactor, and thus the time of
exposure of the cells to bubble rise fluid stresses increased. Since the opposite effect was
observed, hydrodynamic forces arising from turbulent fluid motion around rising bubbles
must be insufficient to cause significant cell damage. Decreasing the liquid height results
in an increase in the frequency of cell contact with the detrimental region of bubble
bursting. From these observations, it was concluded that bubble bursting was responsible
for the majority of the cell damage in bubble aerated bioreactors.
Various types of surface active compounds also protected cells from bubble
aeration damage. Handa et al. (1987) found that addition of low molecular weight
surface active polymers such as polyvinylpyrrolidone in concentrations of 0.1 % (w/v)
did not provide significant protection against the damaging forces in bubble column
bioreactors. However, the same concentration of high molecular weight (1,000 daltons)
polyvinylpyrrolidone provided partial protection, and 0.1 % (w/v) of high molecular
weight PEG (1,000 daltons) almost completely reversed the damage. Pluronic F68, at
the same concentration, 0.1 % (w/v), also afforded nearly complete protection against
sparging. In both cases, the additives yielded growth rates in bubble columns that were
nearly equivalent to that achieved in surface aerated spinner cultures. None of the
additives had an effect on cell growth in surface aerated spinner cultures. The protective
effect was attributed to the ability of these additives to form stable foam layers into
which the cells could not penetrate, thereby removing the cells from the region of
detrimental bubble bursting forces (Handa et al., 1987, 1987a). Further experimentation
proved that the same protection was afforded to myeloma (BHK 21) and lymphoblastoid
(RAJI) cell lines (Handa-Corrigan et al., 1989).
Serum proteins and high molecular weight surface active compounds may provide
protection by forming a highly condensed structure around the cell. However, the exact
mechanism of protection and the lack of protective effect afforded by low molecular
weight surface active agents are not understood. Mizrahi (1984) reported that protection
against physical stresses did not correlate with molecular weight of the additive. Since
detrimental forces may arise from interfacial phenomena, it was postulated that a
decrease in surface tension may describe the protection afforded by additives. However,
Kilburn and Webb (1968), Mizrahi (1984), Handa et al. (1987a) and Michaels (1991a)
all found that the reduction in surface tension did not directly correlate with a decrease
in cell damage in agitated, or bubble aerated, or agitated, bubble aerated bioreactors.
The protective effect of Pluronic F68 against sparger aeration damage has been
reported for a number of other mammalian and insect cell lines. The damaging effect
of bubble aeration of LS cells in an agitated, bubble aerated reactor could be reversed
if the basal medium (MEM), containing 2 % (v/v) horse serum was supplemented with
0.02 % Pluronic F68 or 10 % (v/v) total serum (Kilburn and Webb, 1968). Hybridoma
cells cultured in an agitated, bubble aerated bioreactor operated at 200 rpm and 0.1 vwm
could be protected against bubble aeration damage if the RPMI 1640 basal medium was
supplemented with 5 % (v/v) adult equine serum and 0.4 % (w/v) Pluronic F68 (Gardner
et al., 1990). Medium supplemented with 0.1 % (w/v) Pluronic F68 rendered
incomplete protection. The required 0.4 % (w/v) Pluronic F68 is higher than that
required by most other bioreactor systems, illustrating the dependence of the protective
effect on the additive concentration, the cell type and its concentration, the medium
components and their concentration as well as the bioreactor type and its operating
conditions. A 25 % increase in the specific antibody production rate for the Pluronic
F68 supplemented culture grown in this agitated, bubble aerated bioreactor was also
reported. The antibody production results show that sparging does not reduce the
specific antibody production rate per cell. However, antibody is denatured in the
bioreactors without Pluronic F68. Although Pluronic F68 reduces the amount of
antibody denaturation, an additional 25 % increase in the specific antibody production
rate was noted. Apparently, Pluronic F68 interacts with the cell itself to affect this
increased production rate.
Contrary to the above results, a low protein, serum free medium supplemented
with 0.2 % (w/v) Pluronic F68 provided complete protection from hybridoma cell lysis
due to sparging, with no effect on cell growth or monoclonal antibody synthesis (Passini
and Goochee, 1989). In agreement with the results of Gardner et al. (1990), at lower
concentrations of Pluronic (0.01 % to 0.1 % (w/v)) providing partial protection against
bubble aeration, there was no effect of sparging on the specific antibody production rate.
In two separate studies on insect (Murhammer and Goochee, 1988, 1990) and
hybridoma cells (J6bses et al., 1991) grown in bubble aerated and agitated, bubble
aerated bioreactors, the protective effect of Pluronic F68 against hydrodynamic and
interfacial forces was attributed to the direct interaction of Pluronic F68 with the cell
rather than an alteration in bubble-liquid interfacial properties. Pluronic F68 protected
the hybridoma cells from fluid forces generated in agitated cultures as well as in bubble
aerated cultures. This result led to the conclusion that Pluronic F68 possibly forms a
stagnant film around the cells, increasing their resistance to fluid shear.
Because Pluronic F68 interfered with trypan blue viability staining of insect cells,
thereby rendering artificially high viability measurements, it was proposed that Pluronic
F68 affords protection via an unidentified interaction with the cell membrane
(Murhammer and Goochee, 1988). Further investigation indicated that Pluronic F68
protects cells by embedding itself in the plasma membrane, thereby altering the
properties of the membrane to affect greater shear resistance (Murhammer and Goochee,
1990a). Several Pluronics and reverse Pluronics were tested for their protective effect.
The results showed that the protective effect against agitation and bubble aeration damage
correlated with the hydrophile-to-lipophile (HLB) balance of the additive. The polyols
with the highest HLB afforded the greatest protection. Of the Pluronic series, F38, F68,
F88, F98 and F108 have the highest percentage of hydrophile (Figure 2.2). Pluronics
F38, F68 and F108 were tested in this study. All conferred uninhibited cell growth in
spinner flasks and cell protection in airlift bioreactors. The same result was obtained for
Pluronics L35 and F127.
In a study designed to elucidate the mechanism by which cells are damaged by
bubble aeration, microscopic high-speed video technology revealed two possible
mechanisms of damage (Bavarian et al., 1991). Insect cells were found adsorbed to the
bubble interface and being swept to the rear of the bubble as it rose through the
bioreactor. Shear stresses imparted on these cells as they were swept along the bubble
interface were postulated as one cause of cell damage. Cells were also viewed at the
gas-medium interface at the top of the reactor. These cells were transported into the
foam layer as bubbles collected underneath them. Subsequent bursting forces imparted
on the cells in the foam layer were proposed as another mechanism of damage (Chalmers
and Bavarian, 1991). The rapid acceleration attained by the bubble film upon rupture
and the high levels of shear stress in the boundary layer flow associated with bubble jet
formation were proposed as mechanisms of cell death via bursting bubbles.
2.5. Protective Effects of Pluronic F68
Three different hypotheses, reported by previous investigators, of the mechanism
by which Pluronic F68 protects cells from bubble aeration damage were presented in
Section 2.4. First, Pluronic F68 is proposed to associate with the cell membrane,
protecting the cell from hydrodynamic forces and displacing them from gas-liquid
interfaces where damaging bubble bursting forces prevail. It has also been suggested that
the association of Pluronic F68 with the membrane stimulates cell growth by facilitating
nutrient transport into the cells. Second, Pluronic F68 is proposed to embed directly in
the cell membrane, thereby affording an increased shear resistance of the cell. Third,
Pluronic F68 is proposed to alter fluid interfacial properties in a manner than reduces the
net force of the bursting event. Although the exact mechanism by which this occurs has
not been elucidated, the reduction in surface tension afforded by Pluronic F68 was
assumed to contribute to the damage reduction.
The first two mechanisms, which are related to the interaction of Pluronic F68
with the cell membrane, probably contribute to some extent to cell protection, but are by
no means the main protective mechanism. These two mechanisms are discussed further
in Section 2.5.2. In Section 2.5.3, the proposed effect of Pluronic F68 surrounding a
cell and thereby displacing it from gas-liquid interfaces is discussed as a plausible
mechanism for elimination of the shear damage experience by a cell that is adsorbed to
a rising bubble. This adsorption of the cell to the rising bubble was shown to result in
mild cell damage rather than immediate cell death. Hence, if Pluronic F68 does
eliminate this damage it would not contribute significantly to the overall damage
reduction. Two more likely mechanisms of cell protection are proposed and investigated
in this thesis. The proposed ability of Pluronic F68 to remove cells from the bubble
bursting region by promoting rapid film drainage is discussed in Section 2.5.4. The
proposed ability of Pluronic F68 to reduce bubble bursting shear by reducing dynamic
surface tension of the bubble film is discussed in Section 2.5.5.
2.5.1. Description of Pluronic F68
Pluronics is a trade name (BASF Wyandotte Corporation) for the poloxamer
polymers. Poloxamers are block copolymers of ethylene oxide and propylene oxide
having the general structure:
CH3
HO-(CH 2CH 20)x-(CH2CHO),-(CH 2CH20)z-H
EO PO E
where EO represents the ethylene oxide (hydrophilic) segments and PO the propylene
oxide (hydrophobic) segments of the molecule. Pluronics are synthesized by addition of
propylene oxide to the two hydroxyl groups of propylene glycol to attain a hydrophobe
of the desired molecular weight. Ethylene oxide is then added to constitute between
10 % to 80 % (w/w) of the final molecule. This procedure produces a family of
poloxamers as shown in Figure 2.2. This grid was developed (BASF Wyandotte
Corporate literature on Pluronic and Tetronic surfactants) to provide a graphic
representation of the relationship between the copolymer structure, physical form and
surfactant characteristics. Within the Pluronic series, polyoxypropylene molecular weight
The basic PLURONIC® grid.
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Figure 2.2. The structure of Pluronic surfactants. The weight percent of the
hydrophobe (propylene oxide) is plotted against the weight percent of the hydrophile
(ethylene oxide). The shaded separations delineate liquid from paste from solid
poloxamers. Reproduced from BASF Wyandotte Corporate literature on Pluronic and
Tetronic Surfactants.
varies from 900 to 3200 and polyoxyethylene content changes from 10 to 80 % of the
total molecular weight. The resultant Pluronic surfactants are water soluble and surface
active. The X, Y and Z values for Pluronic F68 are 75, 30 and 75 respectively. The
molecular weight is 8400.
A comparison of the Pluronic grid among the members of any homologous series
(vertical series) would indicate a series of polymers with the same ethylene oxide to
propylene oxide weight ratio and might lead one to expect no differences in physical
properties among them. This is not the case. Not only does the hydrophobe vary in its
molecular weight, but the hydrophile also changes in size. Typical properties of the
Pluronic surfactants are given in Table 2.1. Pluronic F68 is a poor wetting agent, a
moderate foaming agent and a very good emulsifying agent and solubilizer in water-like
solvents. The HLB is the hydrophile to lipophile balance and is a major factor in
determining the emulsification properties of a nonionic surfactant. Surfactants with lower
HLB values are more lipophilic, while surfactants with higher HLB values are more
hydrophilic. In general, surfactant function falls within the following specific HLB
ranges: 4 to 6 are good water in oil emulsifiers, 7 to 9 are good wetting agents, 8 to 18
are good oil in water emulsifiers, 13 to 15 are goad detergents, and 10 to 18 are good
solubilizers in water-like solvents. Thus, with an HLB greater than 24, Pluronic F68 is
highly hydrophilic and a good solubilizing agent in water-like solvents. Additional data
on the density, viscosity and surface tension of Pluronic F68 and Pluronic F68
supplemented media at various temperatures in given in Tables 4.3 and 4.4 of Chapter 4.
In terms of surface adsorption, Pluronic F68 assumes a horse shoe shape at
Table 2.1. Properties of Pluronic surfactants. Reproduced from BASF Wyandotte
Corporate literature on Pluronic and Tetronic Surfactants.
Table 3.
Properties of PLURONIC' Surfactants
Draves Foam height Cloud point
Average Melt/ Physical Viscosity Surface tension wetting (Ross Miles, in aqueous
molecular pour point form (Brookfield) dynes/cm, seconds 250 C 0.1% aqueous solution, OC
Product weight OC @ 200 C cps* @ 25CC, 0.1% 1.0%0 0.1o/ at500C)mm 1%/o 100o/ HLB
L10 3200 -5 liquid 660 41 6 >360 30 32 51 12-18
L31 1100 -32 liquid 175 47 >360 >360 2 37 29 1-7
L35 1900 7 liquid 375 49 >360 >360 25 73 80 18-23
F38 4700 48 solid 260 52 > 360 > 360 35 > 100 >100 >24
L42 1630 -26 liquid 280 46 >360 >360 0 37 28 7-12
L43 1850 -1 liquid 310 47 >360 >360 0 42 32 7-12
L44 2200 16 lquid 440 45 >360 >360 25 65 73 12-18
L61 2000 -29 liquid 325 INS INS INS 0 24 17 1-7
L62 2500 -4 liquid 450 43 10 78 25 32 24 1-7
L62D 2360 -1 liquid 385 43 157 206 3 35 28 1-7
L62LF 2450 -10 liquid 400 39 17 118 5 28 22 1-7
L63 2650 10 liquid 490 43 63 >360 30 34 47 7-12
L64 2900 16 liquid 850 43 35 >360 40 58 60 12-18
P65 3400 27 paste 180 46 >360 >360 70 82 82 12-18
F68 8400 52 solid 1000 50 > 360 > 360 35 >100 >100 >24
F68LF 7700 50 solid 850 44 89 >360 16 32 30 >24
L72 2750 -7 liquid 510 39 1 30 15 25 18 1-7
P75 4150 27 paste 250 43 76 >360 100 82 86 12-18
F77 6600 48 solid 480 47 >360 >360 100 > 100 >100 >24
L81 2750 -37 liquid 475 INS INS INS INS 20 16 1-7
P84 4200 34 paste 280 42 40 260 90 74 73 12-18
P85 4600 34 paste 310 42 36 76 70 85 86 12-18
F87 7700 49 solid 700 44 >360 >360 80 > 100 >100 > 24
F88 11400 54 solid 2300 48 > 360 >360 80 > 100 > 100 >24
L92 3650 7 liquid 700 36 1 15 15 26 16 1-7
F98 13000 58 solid 2700 43 >360 >360 40 >100 >100 >24
L101 3800 -23 liquid 800 INS INS INS INS 15 11 1-7
P103 4950 30 paste 285 34 2 17 40 86 52 7-12
P104 5900 32 paste 390 33 6 30 50 81 78 12-18
P105 6500 35 paste 750 39 16 43 40 91 94 12-18
F108 14600 57 solid 2800 41 >360 >360 40 >100 >100 >24
L121 4400 5 liquid 1200 33 INS INS INS 14 10 1-7
L122 5000 20 liquid 1750 33 12 44 20 19 13 1-7
P123 5750 31 paste 350 34 16 35 45 90 82 7-12
F127 12600 56 solid 3100 41 >360 >360 40 >100 >100 18-23
'Liquids at 250 C. pastes at 60CC. solids at 770C INS - insoluble
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hydrophobic/hydrophilic interfaces, the hydrophobic PO segment orienting itself along
the gas-liquid interface, and the hydrophilic EO tails extending into the liquid. In this
conformation, Pluronic F68 effectively converts the lyophobic bubble surface into a
surface with greater lyophilic character.
2.5.2. Facilitated Transport and Membrane Fluidity
The studies discussed in Section 2.4 that show that supplementation of low serum
medium with Pluronic F68 increases cell growth rate suggest that Pluronic F68 adsorbs
around the cells, thereby facilitating transport of nutrients into the cell (Marwin, 1959;
Mizrahi, 1975; Bentley et al., 1989), or substitutes for the protective action of the
serum, or both. From static culture experiments, Mizrahi (1975) noted that the decrease
in surface tension upon addition of Pluronics to the medium was directly proportional to
the concentration of Pluronic. From this observation he suggested that the reduction in
surface tension served to augment cell growth by facilitating nutrient transport into the
cell. For agitated bioreactors operated at high stirring speed, all of the investigators
concluded that the protective effect of Pluronic F68 was physical in nature. They
suggested that this protection was afforded by adsorption of the Pluronic F68 onto the
cell membrane, which protected the cell from fluid stresses, but did not necessarily
increase cell growth via facilitated nutrient transport. It is very possible that Pluronic
affords both facilitated nutrient transport and protection against fluid stresses. The
facilitated nutrient transport effect may be small in comparison to the protection against
fluid stresses, making facilitated transport difficult to detect in systems with high fluid
shear. The following studies support the idea that both mechanisms are present and that
their molecular bases may be similar.
In support of the facilitated nutrient hypothesis, it is a well known biological
phenomenon that the addition of a wetting agent, such as surfactant, to medium allows
the nutrient material of the culture medium to come in more intimate contact with the
exterior of each growing cell, and thus facilitates faster utilization of the nutrients with
the consequent stimulation to growth of the organism (Frobisher, 1957). In addition,
supplementation of yeast cultures with 0.05 % to 0.1 % (w, ,) Pluronic F68 can perturb
membrane permeability and transport processes (King et al., 1988). The perturbation
in membrane permeability could be attributed to solubilization (surrounding) of the
membrane by Pluronic F68, or by displacement of membrane proteins by Pluronic F68.
In addition, membrane stabilization against hemolysis conferred by surface-active, lipid-
soluble anesthetics and surfactants, including Pluronic F68, was found to be accompanied
by changes in the passive permeability of the membrane (Seeman 1966, 1966a; Janoff
et al., 1980). The change in passive permeability might indicate a structural
reorganization of the membrane or else that a diffusion-limited (or enhanced) subfilm had
formed over the membrane (Seeman 1966a).
In support of the diffusion-limited (or enhanced) subfilm hypothesis, Pluronic F68
has been shown to abolish sickle cell adherence to endothelium and thereby improve
erythrocyte rheology without altering cell shape or size. The result was attributed to a
lubricating effect of Pluronic on cell surfaces due to significant membrane interaction
rather than embedding of Pluronic F68 in the cell membrane (Smith et al., 1987).
In support of the structural reorganization hypothesis, electron spin resonance
spectroscopy of intact human erythrocytes treated with Pluronic F68 showed that Pluronic
F68 affected thermally-induced structural transitions in the membrane, and thereby the
fluidity of the outer membrane (Janoff et al., 1981). These structural transitions are
presumed to be associated with changes in the conformation of either membrane proteins,
phospholipids, or both. Membrane proteins are stable structural components of cells, but
cell membrane lipids are in exchange equilibrium with the lipoprotein-bound lipids of
serum (Cooper and Jandl, 1968). It is highly probably that anesthetics and surfactants
perturb protein-lipid interactions, thereby affecting the fluidity of the outer membrane
(Janoff et al., 1981). Outer membrane proteins presumably associate in a specific
manner to form pores or transmembrane channels. Such pore structure may require a
specific lipid state. It is known that induced increases or decreases in the fluidity of the
outer membrane may affect processing and assembly of outer membrane proteins, thereby
altering the fluidity of the membrane and thus the transport of nutrients across the
membrane (Janoff et al., 1980).
In addition to affecting a structural reorganization of the membrane through
protein-lipid interactions, it is conceivable that Pluronic F68 affects a structural
reorganization of the membrane by embedding in the membrane. Although there are
contradictory reports (Smith et a., 1987; Cherry et al., 1991), several studies have
shown that Pluronic F68 embeds in the cell membrane, decreasing the fluidity and
elasticity of the membrane (Ramirez and Mutharasan, 1990; Zhang et al., 1992, 1992a).
This decrease in membrane fluidity, by either mechanism of structural reorganization of
the membrane, increases the shear resistance of the cells, enabling the cells to withstand
higher levels of hydrodynamic stresses.
Although Pluronic F68 has been shown to increase shear resistance of cells by
decreasing the membrane fluidity, the magnitude of the increase in shear resistance is not
sufficient to protect the cells against the levels of shear generated by a bursting bubble
(Papoutsakis, 1991; Zhang et al., 1992). Ramirez and Mutharasan (1990), used
fluorescence anisotropy to show that the fluorescence anisotropy value, r., of cell
membranes increases by 0.01 units for cells grown in medium supplemented with 0.5 %
(w/v) Pluronic F68. However this increase in r, is not sufficient to protect cells against
agitation and bubble aeration damage since, according to their data, r, would have to be
around 0.05 for protection against these fluid and interfacial forces. In addition, Zhang
et al. (1992) showed that the bursting membrane tension and the compressibility modulus
of Pluronic F68 treated cells were not sufficient to account for the protection against the
high level of fluid shear present in agitated and bubble aerated cultures. Although it does
contribute to cell protection, alteration in membrane fluidity and elasticity is obviously
not the main protective effect afforded to cells in agitated and bubble aerated cultures by
Pluronic F68.
2.5.3. Cell-Bubble Interactions
Nonionic surfactants such as Pluronic F68 effectively convert lyophobic surfaces,
such as bubble surfaces, to more lyophilic surfaces via adsorption. Insect cells have been
viewed adhering to bubble surfaces and being swept along the surface of the bubble,
from the top to the rear of the bubble, as the bubble rises through the cell culture with
concomitant damage to the cell (Bavarian et al., 1991). Because of its surface active
nature, Pluronic F68 will collect on the bubble interface. In addition, Pluronic F68 has
been proposed to surround cells. This adsorption to bubbles and/or cells will reduce the
affinity of the cells for the bubble interface and thus prevent the cell from attaching to
bubbles and being floated to the surface of the bubble column.
Since bubble rise velocities are in most cases an order of magnitude greater than
induced liquid recirculation velocities, attachment of the cells to the bubbles would result
in floatation and concentration of the cells to the region bubble bursting where damage
is proposed to occur. Pluronic F68 may prevent this selective concentration of cells to
the region of bubble bursting, thereby decreasing the number of cells affected by an
individual bursting event. In addition, the adsorption of Pluronic F68 to the bubble
surface will prevent cell-bubble attachment and the resultant cell damage.
Cell damage caused by attachment to a rising bubble were reported only for
highly shear sensitive insect cells. In addition, most bioreactors are designed with height
to diameter ratios slightly greater than one; a design that does not promote flotation.
Although these two effects could become important in systems where flotation is
prevalent (large height to diameter ratios and high gas flow rates), or in systems utilizing
very shear sensitive cells, they are not expected to be significant with respect to
protection afforded to the hybridoma cells used in this work.
2.5.4. Film Drainage
When a bubble comes to rest at the gas-liquid interface at the top of the
bioreactor, it forms a hemispherical dome, or lamella, which protrudes above the plane
of the gas-liquid interface (Figure 4.18). Liquid molecules in the lamella attract inward
and normal to the gas-liquid interface which makes the liquid behave as if it were in
tension, like a stretched membrane. Since the free energy of the system will tend to be
at a minimum, the surface of the liquid will tend to contract. This force, along with
gravity, will force bulk liquid out of the lamella. As the surface of the lamella contracts,
and the surfactants adsorbed to the two opposing surfaces of the lamella approach each
other, electrostatic repulsion and van der Waals attraction between the surfactant
molecules come into play (Figure 2.3). If the electrostatic repulsion between molecules
are stronger than the van der Waal attraction, some of the adsorbed surfactant molecules
will be forced away from the shrinking interface, mixing in with the bulk fluid, and in
doing so expelling some of the bulk liquid from the lamella. If this process occurs with
a net increase in the free energy, repulsion occurs between the surfactant molecules. If
the repulsion energy is greater than the van der Waals forces of attraction, a stable
dispersion within the now thinner lamella will result. This process will continue until
the lamella thins to its critical thickness at which point a random excitation in the lamella
or an external force causes the lamella to destabilize and break. This process is termed
mixing and is predominant at low surfactant surface coverage (Bagchi, 1974).
If the repulsion energy is smaller than the van der Waals forces of attraction,
local attraction between molecules occurs which could result in localized areas of higher
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surfactant concentrations both within the bulk fluid and at the interfaces. By this
process, or as surfactant molecules are expelled from the interface, spatial variations in
surface tension at the gas-liquid interface result in added tangential stresses at the
interface and hence a surface tractive force that acts on the adjoining fluid, giving rise
to fluid motions in the underlying bulk liquid. The system will drive toward a new
equilibrium adsorbed surfactant concentration. However, if insufficient surfactant is
present in the bulk liquid, or if the diffusivity of the surfactant is low, localized areas of
higher concentrations of adsorbed surfactant will remain. Attractive forces between the
two adsorbed layers in a region of higher adsorbed surfactant concentration act to pull
the two layers together, expelling bulk fluid from this region, resulting in localized
thinning of the region. Local thinning within the areas of high adsorbed surfactant
concentration occurs faster than expansion of a uniform surfactant concentration along
the interface, leading ultimately to local lamella rupture at the location of the high
adsorbed surfactant concentration. The thickness of the lamella at this location is near
the critical thickness for rupture. However, the bulk of the lamella is still much thicker
than this critical value. Hence, larger volumes of liquid are entrained in the droplets that
form from lamella disintegration than for the case of uniform lamella thinning (denting),
described below.
At high surfactant surface coverage, the adsorption layers will be dense and
mixing will be improbable. In this process, the rate of stabilization of the bubble film
by equilibration of surfactant concentration along the entire surface of the bubble is faster
than the thinning of the bubble. Once surface saturation is achieved, attractive forces
between the surfactant monolayers at the two interfaces of the film favors the stepwise
thinning of the entire film rather than localized thinning. By this process, the thickness
of the entire lamella at any given instant is the same. On close approach of the two
adsorbed layers, the surfactant molecules will be compressed and will undergoing pseudo
elastic collisions, leading to the exclusion of the bulk fluid from the adsorbed layers.
In this manner the entire lamellar surface will stepwise thin at the same rate, expelling
bulk liquid from the lamella until the tails of the adsorbed surfactant almost touch each
other (Figure 2.3). The result is a pseudo-stabilized lamella with no bulk fluid and with
higher concentrations of adsorbed surfactant at its interfaces. As with the mixing
process, a random excitation in the lamella or an external force causes the lamella to
destabilize and break. This mechanism is termed denting (Bagchi, 1974). By this
process, all bulk liquid, including cells, is expelled from the interfacial region before the
film destabilizes and breaks, thereby removing cells from the lamella where high bursting
shear stresses are known to exist.
The above descriptions of mixing and denting are simplified and idealized
descriptions. In reality the ability of a surfactant molecule to dent is a function of its
hydrophile to lipophile (HLB) balance, total length, and length of each section, its
orientation at an interface, its diffusivity and other physical properties. Interestingly,
Pluronic F68 is the only member of a larger family of poloxamers that exhibits this
property.
This ability to drain cells away from interfacial regions where high fluid shear
forces are found may be the main protective mechanism of this surfactant. The idea that
film drainage may be responsible for cell protection in Pluronic F68 supplemented
cultures was first presented for hybridoma cells grown in bubble column bioreactors
using medium supplemented with 0.1 % (w/v) Pluronic F68 and varying concentrations
of FCS (Handa et al., 1987; Handa-Corrigan et al., 1989). The authors suggested that
culture medium supplemented with Pluronic F68 resulted in the formation of a stabilized
foam into which cells do not penetrate and are thereby not exposed to the high level
shear generated by bursting bubbles. Although the author did not realize that the analogy
could be extended to the bursting of individual bubbles, the general idea of cell
protection against bubble bursting via film drainage was realized.
2.5.5. Shear Stress
Two studies on the effects of bubble aeration on hybridoma cells in bubble
column bioreactors have reported that bubbles burst more "gently" or "quiescently" in
Pluronic F68 supplemented medium (Handa-Corrigan et al., 1989; J6bses et al., 1991).
This observation suggests that Pluronic F68 may, upon bubble rupture, reduce the
velocity of the receding lamella. This, in turn, would reduce the velocity of the rising
jet since the energy (excess pressure) released by a bursting bubble is first transferred
into the momentum of the receeding lamella, and then into the momentum of the rising
jet. This process is diagrammed in Figure 2.4 and Figure 4.18.
Rupture of the lamella results in axisymmetric receeding of a rim of liquid that
moves at very high velocity, colliding with stationary fluid in the lamella. When the
receeding lamella reaches the horizontal plane of the gas-liquid interface, it follows the
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depression in the interface created by the bubble, colliding at the base of the depression
and forming two opposing jets which extend at high velocity. The velocity of retraction
of the liquid lamella upon bubble rupture is given by (Pandit and Davidson, 1990):
V8= ( 2 1 (2.7)
Pf 8c
where v, is the lamella velocity, ar is the surface tension, and 6, is the lamella thickness
prior to rupture. According to this equation, the observed "quiescently" bursting bubble
in the presence of Pluronic F68 could be due to either a reduction in the medium surface
tension, or an increase in the lamella thickness prior to rupture, both of which would
result in a decrease in lamella retraction velocity. Note that fluid viscosity has no effect
on lamella velocity. Thus, alteration in fluid viscosity would have no effect on lamella
or jet shear stresses. This is in agreement with the results reported in Section 2.4.4 that
show that viscosity enhancers do not protect cells from bubble aeration damage. Fluid
viscosity only affects the size and number of droplets formed from the disintegrating
lamella and rising jet (Garner et al., 1954; Newitt et aL, 1954; Pandit and Davidson,
1990).
Pluronic F68 does not affect the density of cell culture medium. Pluronic F68
does result in an approximate 25 % to 50 % reduction medium surface tension,
dependent on the medium type. However, according to the shear stress estimates given
in Figure 4.17, even a 50 % reduction in surface tension could not protect cells from the
high level shear generated by a receeding lamella. Because the lamella is always in a
dynamic state, with the concentration of surfactant adsorbed to the interface being a
function of the thickness of the lamella, it is possible that dynamic surface tension, rather
than equilibrium surface tension is the appropriate variable to describe lamella velocity.
To test this hypothesis, dynamic surface tension measurements were performed
on Pluronic F68 supplemented medium using a Pulsating Bubble Surfactometer
(Electronetics Corporation). A description of the apparatus is given in Section 3.6.5.
The results of the measurements are reported in Section 4.6.2. If Pluronic F68 is
capable of conferring a dynamic reduction in surface tension, then the surface tension
should start at a value near the equilibrium surface tension as the bubble lamella forms
and should decrease towards zero as the lamella retracts due to increasing concentrations
of surfactant packing at the interface as the surface area of the interface decreases. If
this is true, a dynamic reduction in surface tension would afford a constantly decelerating
lamella velocity and thus a constantly decreasing shear stress that would approach zero
as the surface tension approached zero.
It is also possible that the lamella velocity is reduced by an increase in the critical
thickness of the lamella prior to bubble rupture, 6. If Pluronic F68 is capable of denting,
then the thickness of the lamella prior to rupture would be expected to increase over the
value for medium alone. Because of the lack of appropriate equipment to measure the
lamella thickness, this mechanism of lamella velocity reduction was not investigated.
CHAPTER 3. MATERIALS AND METHODS
3.1. Cell Line and Stock Culture Maintenalace
ATCC-CRL-1606 cells (American Type Culture Collection, Rockville, MD), a
BALB/c mouse hybridoma producing anti(human fibronectin) IgG monoclonal antibody
(Schoen et al., 1982) were used for all cell culture and bioreactor experiments. A 1 ml
aliquot of these cells at an unknown passage number was obtained from a general lab
frozen stock. The technique of Freshney (1987) was used to thaw and refreeze the cells.
The aliquot was thawed rapidly and diluted 25-fold in Iscove's Modified Dulbecco's
Medium (IMDM, Sigma Chemical Co., St. Louis, MO) supplemented with 5 % (v/v)
fetal bovine serum (FBS, Lot No. 48F-0026, Sigma Chemical). Cells were propagated
in T-flasks at 37°C in a 9F % relative humidity, 10 % CO2 environment for seven days,
diluting as necessary to maintain a cell concentration below 8 x 10s cells/ml. The culture
was then centrifuged at 200 x g 1fe' 10 minutes and resuspended at 8 x 106 cells/ml in
IMDM supplemented with 5 % (v/v) FBS and 10 % (v/v) dimethyl sulfoxide. The
suspension was pipetted into 100 - 1 ml aliquots and slowly frozen, approximately
1 C/min, to -70°C. Slow freezing was achieved by sandwiching the vials of aliquots
between two styrofoam, 15 ml, centrifuge tube racks and placing in a refrigerator
(+4*C) for 30 minutes, then transferring into a freezer (-20*C) for 30 minutes, and then
transferring into a deep freezer (-70*C) for one hour. The frozen aliquots were then
moved to a liquid nitrogen bank for storage.
For each experiment, a new aliquot was rapidly thawed and propagated in IMDM
supplemented with 5 % (v/v) FBS. Cultures were grown in T-flasks or spinner flasks
(Science Products, Coming Glass Works, Corning, NY), depending on the volume
required, at 37*C in a 98 % relative humidity, 10 % CO2 environment. Cells were
diluted every 2 to 3 days to maintain a greater than 95 % cell viability. Only cells that
had been maintained in exponential growth phase for less than one month were used in
experiments. Initial cell concentration was 1 x 105 cells/ml for all experiments.
3.2. Cell Culture Media Composition and Preparation
With the exception of the serum free cell growth studies, IMDM was used as the
basal medium for all cell culture experiments. All cell cultures utilizing IMDM were
supplemented with fetal bovine serum (FBS, Lot No. 48F-0026, Sigma Chemical). This
particular serum was selected from seven different sources of fetal bovine serum that
were tested. The cell growth rate and maximum cell density achieved by cultures grown
in IMDM supplemented with 5 % and 10 % (v/v) of each of the seven serums are given
in Table 3.1. Although the growth rates for all but the Hazelton (Lot No. 12103K62)
are not significantly different, the Sigma FBS (Lot No. 48F-0026) serum was chosen
because it rendered the highest final cell density. Lastly, since there is little difference
in cell growth rate with 5 % versus 10 % (v/v) FBS, 5 % FBS was used in all IMDM
basal medium cultures in which serum was not a variable.
A serum free medium formulation for CRL-1606 cells (Adema, 1989) was used
to determine the cell growth rate in defined medium without serum. The basal medium
Table 3.1. Effects of various fetal bovine serum
CRL-1606 cell growth rate and maximum cell density.
medium. Initial cell density was 5.0 x 10' cells/ml.
sources and concentrations on
Cells cultured in IMDM basal
Vendor and Lot No. i (hr '1) i (hr"') Xi
5% FBS 10% FBS (cells/mi)
5% FBS
Sigma Chemical Co. 0.050 + 0.0023 0.056 ± 0.0010 3.2 x 106
Not Screened
Cat. No. F4884
Lot No. 48F-00026
Flow Laboratories 0.047 + 0.0025 0.048 + 0.0018 1.4 x 106
Regular Grade (Silver)
Cat. No. 2916154
Lot No. 9100943
Hazelton Biologics, Inc. 0.053 ± 0.0034 0.045 ± 0.0048 1.2 x 106
Hybridoma Screened
Cat. No. 12-10376P
Lot No. 12103340E
Sigma Chemical Co. 0.048 + 0.0033 0.043 + 0.0039 1.2 x 106
Hybrimax
Cat. No. F4010
Lot No. 69F-0564
Gibco BRL Inc. 0.046 + 0.0025 0.048 + 0.0018 5.2 x 10s
FBS Certified
Cat. No. 2006140AG
Lot No. 43K9197
Flow Laboratories 0.048 : 0.0026 0.048 + 0.0051 5.1 x 10s
Hybridoma (Gold)
Cat. No. 2916754
Lot No. 0040903
Hazelton Biologics, Inc. 0.019 + 0.0056 0.021 + 0.0069 7.3 x 104
Hybridoma Screened
Cat. No. 12-10376P
Lot No. 12103K62
(Sigma Chemical Co., St. Louis, MO;
Biologics, Inc., Lenexa, KS; Gibco BRL
Flow Laboratories, McLean, VA; Hazelton
Inc., Grand Island, NY)
of this serum free formulation is Dulbecco's Modification of Eagle's Medium (DMEM,
Sigma Chemical, Catalog No. D-5030). This powdered medium preparation lacks
glucose, glutamine, phenol red, pyruvate and sodium bicarbonate. The powdered
medium was dissolved and supplemented with 4.5 g/l glucose, 14.9 mg/i phenol red,
3.7 g/l sodium bicarbonate, 2.44 pl/l aminoethanol, 7.2 gtg/l biotin, 6.25 1dl/l
monothiolglycerol, and 1.58 pjg/l selenium; (all from Sigma Chemical). The medium
was then filter-sterilized and stored in the dark as exposure to fluorescent light promoted
the formation of toxic adducts. At the time of use the medium was supplemented with
0.58 g/l glutamine, 10 mg/i bovine insulin (Catalog No. 1-5500) and 5 mg/1 iron
saturated human transferrin (Catalog No. T-2252); (all from Sigma Chemical). The
insulin stock solution was prepared by dissolving insulin in phosphate buffered saline
(PBS), the pH of which had been increased to 10 by the addition of solid sodium
carbonate. The transferrin was dissolved in a buffer solution of 150 mM sodium
chloride, and 10 mM HEPES (pH=7.4). The transferrin was saturated with iron by the
addition of 4.5 Al of 5 mM ferric nitrate per milligram of transferrin. The ferric nitrate
solution was prepared fresh.
For experiments carried out in vessels larger than T-flasks (greater than 50 ml
working volume), the medium was supplemented with 10 units/ml penicillin (Sigma
Chemical) and 10 jAg/ml streptomycin (Sigma Chemical) to reduce the risk of
contamination. Bubble aerated bioreactors were supplemented with 2 % (v/v) Cellift
antifoam (Ventrex Laboratories, Portland, ME). This antifoam is a dilute, pre-sterilized,
stabilized emulsion and requires no further preparation.
3.3. Cell Culture Conditions for Studies on Environmental Parameters
3.3.1. Cell Growth Conditions for Temperature Studies
125 cm3 spinner flasks were inoculated with cells in mid-exponential growth phase
from T-flasks grown under the conditions described in Section 3.1. IMDM supplemented
with 5 % FBS, 10 units/ml penicillin and 10 gg/ml streptomycin was used in all
experiments. Spinner flasks operated at 35 rpm were placed in non-humidified, air fed
(no CO2 addition) incubators, water baths, or refrigerators. Five ml samples were taken
every 8 to 10 hours and analyzed for cell viability, glucose, lactate and IgG monoclonal
antibody.
3.3.2. Cell Growth Conditions for Serum Studies
Cells were cultured in both 175 cm2 T-flasks and 125 cm3 spinner flasks operated
at 35 rpm in order to account for the possible adverse effects of fluid shear generated by
the spinner on cell growth at reduced serum concentrations. Cell cultures in mid-
exponential growth phase from T-flasks grown under the conditions described in Section
3.1. were spun down and resuspended in IMDM supplemented with 10 units/ml
penicillin, 10 ,tg/ml streptomycin and various concentrations of serum. CRL-1606 cells
will not grow on IMDM without serum. However, a serum free medium formulation
for CRL-1606 cells (Adema, 1989) was used to determine the growth rate in defined
medium without serum. Spinners and T-flasks were inoculated with these resuspended
cultures and a growth study was conducted immediately upon introduction of the cells*
to the reduced serum environment. The experiments were conducted in a 37 0 C, 98 %
relative humidity, 10 % CO2 incubator. At the end of this growth period (4 days), the
cultures were diluted, maintaining the same serum concentrations, and the experiment
was repeated to determine if their was an effect of adaptation to reduced serum
concentrations. One ml samples were taken from the T-flasks every 8 to 10 hours for
cell viability determination. Five ml samples were taken every 8 to 10 hours from the
spinners and analyzed for cell viability, glucose, lactate and IgG monoclonal antibody.
3.3.3. Cell Growth Conditions for Antifoam Studies
The antifoams tested were Dow Coming medical antifoam AF emulsion (Dow
Coming Corp., Lot No. HH048610, Midland, MI), Dow Coming medical antifoam C
emulsion (Lot No. HH098484) and Cellift antifoam (Ventrex Laboratories). Cellift
antifoam is a diluted, pre-sterilized, stabilized emulsion of Dow Coming medical
antifoam AF emulsion. Because antifoam will settle in stationary cultures, thereby
adversely affecting the cells, antifoam studies were conducted in 125 cm3 spinner flasks.
125 cm3 spinner flasks were inoculated with cells in mid-exponential growth phase from
T-flasks grown under the conditions described in Section 3.1. IMDM supplemented with
5 % FBS, 10 units/ml penicillin, 10 sg/ml streptomycin and varying concentrations of
antifoam was used in all experiments. Spinner flasks operated at 35 rpm were placed in
a 370C, 98 % relative humidity, 10 % CO2 incubator. Five ml samples were taken
every 8 to 10 hours and analyzed for cell viability, glucose, lactate and IgG monoclonal
antibody.
3.3.4. Cell Growth Conditions for Pluronic F68 Studies
Various concentrations of Pluronic F68 (BASF Wyandotte Corporation,
Parsippany, NJ) were added to cell culture medium to determine the effect of Pluronic
F68 on CRL-1606 cell growth, metabolism and monoclonal antibody production, and to
determine the maximum concentration beyond which Pluronic F68 becomes detrimental
to the cells. Two different concentrations of serum, 0.25 % and 5.0 % (v/v) FBS, were
used in the latter study to determine if the detrimental concentration of Pluronic F68 was
a function of the total concentration of amphophilic molecules in the medium. This
maximum concentration of Pluronic F68 was then used to investigate the mechanism by
which Pluronic F68 protects cells against bubble aeration damage in culture. Two
different lot numbers of Pluronic F68 purchased four years apart were also tested to
determine the possible effect of lot to lot variability of Pluronic F68 on cell cultures.
Cells were cultured in both 175 cm2 T-flasks and 125 cm3 spinner flasks operated
at 35 rpm. The T-flasks provided duplicate measurements of cell viability and the
spinners enabled the collection of 5 ml samples for analysis of cell viability, glucose,
lactate and IgG monoclonal antibody. Cell cultures in mid-exponential growth phase
from T-flasks grown under the conditions described in Section 3.1. were spun down and
resuspended in Pluronic F68 supplemented medium. Pluronic F68 was dissolved in
IMDM supplemented with 0.25 % or 5.0 % (v/v) FBS, 10 units/ml penicillin, and
10 14g/ml streptomycin. Because Pluronic F68 does not immediately dissolve in culture
medium, and since agitation to increase dissolution rates results in foaming of the
Pluronic 68 supplemented medium, the medium must be prepared one day in advance.
The experiments were conducted in a 37*C, 98 % relative humidity, 10 % CO2
incubator. Samples were taken every 8 to 10 hours.
3.4. Cell Enumeration
CRL-1606 cells are strictly a suspension cell line. They exhibit no tendency to
clump or to attach to surfaces, such as T-flasks (polystyrene) or spinner flasks (glass)
(Aunins and Wang, 1989). Hence, the suspension cell concentration throughout a vessel
is uniform and a sample taken from any point in the culture will be representative of the
actual cell concentration.
Viable cell concentration of suspension culture samples was determined by adding
trypan blue to the sample, placing the sample on a hemacytometer, viewing the sample
at 200 X magnification with a phase contrast objective, and counting the number of
viable (opaque) and whole, nonviable (blue) cells. Total cell concentration was
determined by diluting the cell suspension in an isotonic saline solution and using a
Coulter ZF Electronic Particle Colnter (Coulter Electronics, Hialeah, FL). This
technique for determining total cell concentration is accurate as long as cell viability
remains high. As viability decreases, total cell counts artificially increase due to the
counting of multiple fragments from a single, dead cell.
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3.5. Quantitative Assays
3.5.1. Glucose and Lactate Assays
For low cell concentrations, the kinetics of CRL-1606 cell growth and antibody
production have been established as a function of nutrient, serum, and waste product
concentrations (Glacken et al., 1988). The kinetic data indicate that the specific growth
rate of this cell line is inhibited primarily by ammonium, while specific antibody
production rate is inhibited primarily by lactate. Glucose and lactate assays were
performed to monitor the metabolism of the cells. Glucose and lactate concentrations in
cell culture supernatants were determined using standard enzymatic assay kits; glucose-6-
phosphate dehydrogenase and lactate dehydrogenase, respectively (Sigma Chemical).
3.5.2. Immunoglobulin IgG
Murine immunoglobulin IgG concentrations of cell culture supernatants were
determined using the ORIGEN assay system (IGEN Inc., Rockville, MD). This assay
is based on a homogeneous competition for immobilized goat anti-mouse antibody
between labeled IgG and sample IgG. ORIGEN solid phase latex beads are coated with
a goat anti-mouse polyclonal antibody. Immunoglobulin G in the cell culture supernatant
competes with ORIGEN Label IgG for binding sites on the immobilized antibody. The
ORIGEN Label IgG is a metal chelate, ruthenium tris(bipyridine), which luminesces
when electrochemically excited. When ORIGEN Label IgG is in solution, its
electrochemiluminescence is not affected. When it binds to the solid phase coated with
antibody, its luminescence is modulated. Therefore, the luminescent signal is directly
proportional to the IgG present in the sample, increasing as the sample concentration
increases. The immobilized antibody will bind proteins displaying epitopes present on
the kappa light chain of mouse antibodies, independent of whether these antibodies are
functional or non-functional. For this reason, this assay measures total antibody present
in the sample, regardless of the antibody's functional state.
3.6. Physical Property Data
3.6.1. Density
The density of cell culture medium, with and without supplements, at various
temperatures was determined by preheating samples to the appropriate temperature,
weighing a known volume of the sample and dividing the sample weight by the volume.
3.6.2. Osmolality
The osmolality of cell culture medium, with and without supplements, was
measured with a micro-osmometer (Advanced Instruments Inc., Model 3MO, Needham
Heights, MA).
3.6.3. Viscosity
The viscosity of cell culture medium, with and without supplements, at various
temperatures was measured with a Couette viscometer (Brookfield Inc., Model LVF,
Stoughton, MA). Temperature was controlled by submerging the sample cup portion of
the apparatus in a water bath.
3.6.4. Equilibrium Surface Tension
Equilibrium surface tension of cell culture medium, with and without
supplements, at various temperatures was measured with a tensiometer (Kr(iss, Digital
Tensiometer Model K1OT, GmbH Hamburg) employing the Wilhelmy Plate method
(Hiemenz, 1986). The time course of the surface tension was measured until a constant
value was obtained; roughly one hour for most samples.
3.6.5. Dynamic Surface Tension
Dynamic surface tension of cell culture medium, with and without supplements,
was measured with a Pulsating Bubble Surfactometer (Electronetics Corp., Amherst,
NY). This apparatus was originally developed for the study of dynamic surface activity
of lung surfactant on alveoli. However, it is also useful for research on any organic
liquid containing amphipathic molecules where an air-liquid interface is important.
The Pulsating Bubble Surfactometer has several advantages over other techniques
for measuring dynamic surface activity. The required sample volume (20 1 1) is small,
temperature control of the small sample chamber is easy, and the speed of data
acquisition is high. Moreover, contact angle artifacts that can affect Wilhelmy balance
measurements (Clements et al., 1961) are not present with the oscillating bubble method,
nor are film leakage problems around a moving barrier that are experienced with the
captive bubble method (Schiirch et al., 1989).
The operation of the surfactometer is depicted in Figure 3.1. A complete
description of the apparatus is given in Enhorning (1977). Because of its original design
size adjustment
Figure 3.1. Schematic of a Pulsating Bubble Surfactometer. The pulsator consists of
a crankshaft which moves a small diameter piston in and out of a cylinder containing oil.
This produces a small movement of a large diameter piston to which a very narrow
piston is affixed (upper diagram). The sample chamber is mounted on this narrow piston
and the motion of the piston moves gas in and out of the sample chamber, producing a
bubble of varying size (lower diagram). From Enhorning, (1977).
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application, the system operates at high humidity, 370C, and cycling speeds reflective
of respiration in vivo. Surface tension is calculated from the pressure across the surface
of a bubble, expanded in an aqueous subphase containing the surface active compound
to be studied, and the diameter of the bubble. The bubble, in communication with the
ambient air, is made to change in size by a precision pulsator, which moves gas in and
out of the sample chamber. The pulsator consists of a crankshaft which moves a small
diameter piston in and out of a cylinder containing oil. This produces a small movement
of a large diameter piston to which a very narrow piston is affixed. The sample chamber
is mounted on this narrow piston and the motion of the piston moves gas in and out of
the sample chamber, producing a bubble of varying size. The bubble diameter changes
from a maximum of 1.1 mm to a minimum of 0.8 mm, accurately measured through a
microscope on the apparatus. The pulsator frequency can be changed from 0 to 100
cycles per second. As the bubble is pulsating at a given rate, the pressure in the liquid
is measured with a pressure transducer. Knowing the pressure difference across the
bubble, Ap, and the bubble diameter, db, the surface tension, a, can be calculated from
the law of Laplace for a sphere:
AP =--(3.1)
When water or serum is tested by this system, the surface tension is unchanged, denoted
by the horizontal line on Figure 3.2, and the pressure difference across the bubble
changes proportionately to the bubble diameter. However, studies with pulmonary
surfactant have shown that the value of Ap does not increase as the diameter diminishes,
50 60
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Figure 3.2. Dynamic surface tension versus percentage of maximum bubble surface area
measured by a Pulsating Bubble Surfactometer. (*) for serum, (0) for pulmonary
surfactant (Enhorning, 1977). A wide hysteresis loop is obtained for pulmonary
surfactant. Serum surface tension remains at a fixed value regardless of bubble size.
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but contrary to what one would expect from the law of Laplace, Ap actually decreases.
The net value of the surface ter sion is thus decreasing more than the change in the
radius. This reduction in surface tension as the bubble diameter is decreased is a result
of an increase in the concentration of adsorbed surfactant per unit surface area, rendcred
by the energetic favorability of the molecules to remain adsorbed and the ability of the
surfactant to pack tightly along the interface. The component of lung surfactant that
affords the reduction in surface tension is dipalmitoylphosphatidylcholine (DPPC),
diagrammed in Figure 3.3. DPPC consists of a glycerol nucleus to which a hydrophilic
polar group, being a phosphate and an alcohol, is attached at one end and two
hydrophobic, fatty acid chains of primarily palmitic acid are attached at the other end.
The conformation of the two fatty acid tails is straight because the palmitic acid is
disaturated, meaning it is free of double bonds. This conformation requires little surface
area for adsorption and enables the molecules to pack tightly at an interface, thereby
dramatically reducing the surface tension upon surface reduction.
As shown in Figure 3.4, the surface tension of a liquid exerts a compressing
pressure on an expanded bubble. DPPC adsorbs to the gas-liquid interface with the
hydrophobic fatty acids stretched out into the gas, thereby avoiding water, and the
hydrophilic polar heads extending into the liquid. This adsorption reduces the
compressing pressure of the liquid. Once the molecule has gained a position at the gas-
liquid interface, energy would be required to force it to leave that position. If the
surface area of the gas-liquid interface is forced to be reduced in size, the adsorbed
molecules are forced to come closer together or be expelled from the interface. Rather
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Figure 3.3. Structure of dipalmitoylphosphatidylcholine (DPPC), the major component
of lung surfactant that is responsible for the reduction in dynamic surface tension. DPPC
consists of a glycerol nucleus to which a hydrophilic polar group, being a phosphate and
an alcohol, is attached at one end and two hydrophobic, fatty acid chains of primarily
palmitic acid are attached at the other end.
Figure 3.4. (a) Surface tension of a liquid exerts a compressing pressure on an expanded
bubble. (b) Pulmonary surfactant forms a surface film which reduces the compressing
pressure. (c) When the bubble is reduced to a smaller size, the molecules of the
surfactant film are forced to come closer together. A surface pressure builds up which
reduces the net compressing pressure even further, reducing the fluid surface tension.
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than desorbing, the energetics of the surface film drives the DPPC molecules to resist
this compression, increasing the pressure in the liquid surrounding the bubble as the
molecules are forced into the reduced surface area. The surface pressure that builds up
counteracts the compressing pressure even further, reducing the liquid surface tension.
A tracing of the pressure difference across a pulsating bubble in lung surfactant
and water is shown in Figure 3.5. Note that the greatest pressure gradient, Ap, is
recorded at maximal bubble size in lung surfactant (resulting in a reduced surface
tension), but at minimal bubble size in water (with no change in surface tension). The
resulting hysteresis loop obtained by plotting the surface tension versus the percentage
of maximum bubble surface area for the lung surfactant and serum is given in
Figure 3.2. Although serum contains many surface active substances it does not render
a reduced surface tension upon surface area reduction. This is because the surface active
substances in serum do not posses some or all of the properties that afford large
reductions in dynamic surface tension; i.e. small surface area for adsorption, high
diffusion rates, low surface viscosity and the ability to pack tightly at an interface. This
Pulsating Bubble Surfactometer will be used to determine if Pluronic F68 renders a
reduction in dynamic surface tension of the cell culture medium.
3.7. Bubble Aerated Bioreactors
3.7.1. Air Lift Bioreactors for Cell Growth Studies
A schematic of the air lift bicreactor used for cell growth studies is given in
Figure 3.6. This air lift bioreactor was designed to provide a single, uniform and
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Figure 3.5. A tracing of the pressure difference across a pulsating bubble in lung
surfactant (SA) and water. Note that the greatest pressure gradient, Ap, is recorded at
maximal bubble size in pulmonary surfactant, but at minimal bubble size in water. From
Enhorning, (1977).
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Figure 3.6. Schematic diagram of C-i air lift bioreactor operated under a single, non-
interacting bubble mode. Narrow gauge needles were used for bubble injection. A
conica! base and inner draft tube created high liquid velocities at the base of the
bioreactor to prevent cell settling. Dissolved oxygen (DO) and pH monitors were
attached to the sample line for on-line analysis.
constant bubble size and frequency when operated at low gas flow rate. A single needle
at the base of the air lift bioreactor delivers single, non-interacting bubbles so that each
bubble is unaffected by any other. In addition, there is no bubble coalescence or breakup
to affect cell death.
The air lift column and inner draft tube were made of pyrex glass tubing. The
height of the air lift bioreactor was 38.1 cm, the inside diameter 2.8 cm and the wall
thickness 1.8 mm. The height of the riser was 3.8 cm, the inside diameter 1.6 cm and
the wall thickness 1.3 mm. Three glass feet, 4.5 mm in length were distributed equally
around the circumference of the riser, near the base and perpendicular to the riser to hold
the riser in place. The feet were coated with high temperature (red) RTV silicone rubber
adhesive sealant (General Electric Co., Waterford, NY) to prevent scratching of the air
lift bioreactor glass and to provide a tight fit. This sealant is non-toxic to mammalian
cells and has no effect on cell growth or metabolism. The base of the air lift bioreactor
was tapered 1.5 cm diagonally inward and 1.0 cm down to form a 1.2 cm inside
diameter cross section into which a Noair rubber septa (Bittner Corp., Alpharetta, GA)
could be inserted. The liquid volume of all air lift bioreactors was 100 ml, giving a
liquid height of 16.2 cm.
The surfaces of the glass were treated with Prosil (PCR Inc., Gainesville, FL),
an organosilane surface-treating agent which made the surfaces non-wetting and
prevented cells from attaching. Gas outlet and sample lines made of 15 gauge, hollow,
stainless steel (cannula) were inserted through a silicone rubber stopper that was used to
seal the top of the air lift bioreactor. Silicone tubing (0.8 mm I.D.) was connected to
these lines for sampling and gas outlet. To ensure asepsis, 0.2 jm filters were placed
on the gas inlet and outlet lines and the sample line was clamped shut and placed in a
beaker of ethanol between samples. Stainless steel needles of varying gauge were
inserted into Noair rubber septas, aligned with the top of the septa and secured in place
by filling the space between the septa and the needle with high temperature (red) RTV
silicone rubber adhesive sealant. The adhesive was allowed to dry and the Noair septa
was inserted into the base of the air lift bioreactor. The needles were equipped with
luer-lock fittings to allow quick connection to silicone tubing gas lines (0.8 mm I.D.).
The air lift bioreactor and associated tubing were sealed and autoclaved to
sterilize. The bioreactor was inoculated with the desired concentration of cells by closing
off the inlet gas line to the needle and applying a vacuum to the gas outlet line to pull
liquid in through the sample line. The bioreactor was then placed into a non-humidified,
37*C incubator and connected to a pre-humidified, filtered, flow controlled, 10 % CO2-
in-air gas mixture source. Samples were collected by momentarily closing the gas outlet,
resulting in increased pressure in the bioreactor which pushed liquid out the sample line.
The sample line was split in two; half of the sample being collected for cell viability and
pH determination and half passing through an in-line oxygen microelectrode
(Microelectrodes Inc., Londonderry, NH) for determination of dissolved oxygen
concentration. Less than 2 ml total was taken for each sample so that the 100 ml
bioreactor volume would not be significantly altered. This 2 ml sample served to clear
the sample line, obtain a dissolved oxygen reading and collect a 0.3 ml sample for cell
viability and pH determination.
An operating constraint of this system is that it may become oxygen limited
during the course of the experiment due to the low gas flow rates necessary to obtain
single, non-interacting bubbles. To accommodate this constraint, for each bubble size
of interest, the lowest gas flow rate which satisfied the oxygen demand for
2 x 105 cells/ml at 21% oxygen feed was calculated and the air lift bioreactor was
inoculated at 5 x 10' cells/ml to allow for two doublings before dissolved oxygen became
limiting. Another operating constraint is that a low gas flow rate results in a low liquid
velocity, possibly leading to cell settling in the bioreactor. To remedy this problem, a
very small bioreactor diameter of 2.8 cm was used so that the superficial gas velocity and
thus the liquid recirculation velocity would be as large as practically possible. In
addition, the base of the bioreactor was made conical and an inner draft tube was inserted
to achieve high liquid velocity near the base. The minimum gas flow rate for each
bubble diameter was then constrained to yield a minimum 1.5 cm/s liquid velocity to
prevent cell settling while still satisfying the oxygen demand of the bioreactor.
A mouse-mouse hybridoma cell, CRL-1606 producing anti(human fibronectin)
IgG monoclonal antibody cultured in Iscove's Modified Dulbecco's Medium (IMDM)
supplemented with 5 % (v/v) fetal bovine serum, 10 units/ml penicillin, 10 tg/ml
streptomycin and 2 % (v/v) Cellift antifoam was used as the model system. Cultures in
mid-exponential growth phase from T-flasks or spinners grown under the conditions
described in Section 3.1. were supplemented with antifoam and antibiotics just prior to
inoculation of the air lift bioreactors. These cells, with antifoam and antibiotic
supplements, were also cultured in a 125 cm3 spinner flask culture to serve as a control.
Cell viability was determined by hemacytometer counts and total cells were enumerated
using a Coulter Counter.
The variables tested were gas flow rate and orifice diameter; the orifices being
needles of varying gauge. Gas flow rates were measured and controlled using flow
meters. Air with 10 % CO2 was used for gas supply.
3.7.2. Bubble Diameter and Bubblk Frequency Determination
Bubble size was calculated from the orifice diameter and gas flow rate using
theoretical correlations describing bubble formation at varying orifice Reynolds numbers
(Appendix 1.). These correlations required evaluation of fluid physical properties which
were also measured. Bubble size was also directly measured using a Kodak Ektapro Spin
Physics, 1000 frame/s, High Speed Video system (Eastman Kodak, Rochester, NY). A
rectangular glass column, 2.8 cm x 2.8 cm x 38.1 cm (inside dimensions), made from
square pyrex glass tubing (1.8 mm wall thickness), and equipped with the same conical,
cylindrical base as the air lift bioreactors used in the cell growth studies, was used for
bubble diameter measurements. The same needle in a septa setup was also used as an
orifice for bubble formation. A rectangular column was used to eliminate the distortion
effects of a cylindrical column. The rectangular column was filled with the same cell
culture medium used in the air lift bioreactor experiments and a circular marker of
known size, similar in size to the bubbles was suspended in the center of the column.
The marker was recorded using the video system to serve as a means to calibrate bubble
diameters. The position and setting of the video system were kept constant and bubbles
of varying size produced by flowing a 10 % C02-in-air gas mixture at different rates
through needles of different gauge were recorded at the point of injection, midway
through the bioreactor, and at the point of disengagement. Only bubbles that were in
focus were analyzed for bubble diameter so that there was no distortion effects from
bubbles in different planes of the recorded field, from the glass column, or from the
video system to affect the recorded bubble size. Recorded bubble sizes were analyzed
with image digitization software, NIH Image 1.43 (National Institute of Health,
Washington, DC), loaded onto a Macintosh computer. This software enables single
bubble images to be obtained from the video and analyzed for bubble diameter. Multiple
images can also be averaged. This option was used to obtain the average diameter of
more than 10 bubble images at the points of bubble injection, rise and disengagement for
each needle size and gas flow rate.
Bubble frequency was calculated by dividing the gas flow rate by the calculated
or measured bubble volume (Equation (2.5)). Bubble frequency was also measured with
a digital stroboscope (Pioneer Electric & Research Corp., Model DS-303, Forest Park,
IL) and used to verify the bubble diameter measurements.
3.7.3. Rectangular Bubble Column Bioreactors for Visualization Studies
Rectangular bubble column bioreactors, 3.0 cm x 1.0 cm x 38.1 cm (inside
dimensions), made from rectangular pyrex glass tubing (1.5 mm wall thickness),
equipped with the same conical, cylindrical base as the air lift bioreactors used in the cell
growth studies, were used for fluorescent visualization studies. The bubble column
bioreactor surfaces were similarly treated with Prosil and the bioreactor was sterilized
in an autoclave. The same needle in a septa setup was also used as an orifice for bubble
injection.
Rectangular columns were used to eliminate the distortion effects of cylindrical
columns. A large width to depth ratio (3:1) was used to limit the depth of field for
photographic purposes.
electrical tape to provide
Thermolyne 0.5" width,
the column and secured
controlled by adjusting
regulator. The top of the
through which a sample
(cannula) were inserted.
The back of the bubble column bioreactor was covered with
a black background. Flexible electric heating tape (Brisk Heat,
Dubuque, IA) was placed along the length of the back side of
by additional electrical tape. Cell culture temperature was
the amperage to the heating tape using a variable voltage
bubble column bioreactor was sealed with a rectangular stopper
and gas outlet line made of 15 gauge, hollow, stainless steel
Silicone tubing (0.8 mm I.D.) was connected to these lines for
inoculation, sampling and gas outlet. To ensure asepsis, 0.2 im filters were placed on
the gas inlet and outlet lines and the sample line was clamped shut and placed in a
beaker of ethanol between samples.
The bubble column bioreactors were inoculated by the same procedure employed
for the air lift bioreactors used in the cell growth studies. The bioreactors were
inoculated with 50 ml of a fluorophore-treated cell suspension, giving a liquid height of
approximately 17 cm. Air with 10 % CO2 at a gas flow rate of 100 ml/min (2.0 vvm),
passed through a 20 gauge needle was used for bubble aeration. Cell culture samples
were taken at the end of each run for cell viability determination.
3.8. Fluorescent Visualization
A fluorescent visualization system was designed to investigate the mechanism by
which cells are killed by bubble aeration. In the fluorescent visualization system cells
were stained with fluorophores and viewed via excitation of the fluorophores. The
fluorophores were excited by light of the proper wavelength and the cells were
photographed through an optical filter which blocked all but the emission wavelength of
light. The systems requirements were that it must be capable of visualizing cells in the
regions of bubble injection, rise and bursting, and differentiating live (viable) and dead
cells. Many different types of visualization systems were evaluated, including dark-field,
bright-field and fluorescent visualization. Fluorercent visualization enabled the condition
of the cells (viable or dead) to be determined both on a microscale, for viewing single
cells or a section of a small bubble, and on a macroscale for viewing an entire bubble
column bioreactor. Fluorescent visualization also eliminated the problem of light
diffraction from bubble surfaces under bright-field light.
3.8.1. Description of the Fluorophores
In this fluorescent visualization system, CRL-1606 cells are treated with a
live/dead fluorophore combination, calcein AM (green)/ethidium homodimer (red),
(Molecular Probes, Eugene, OR). Used in conjunction, these fluorophores are the best
live/dead cell indicators for cell viability currently available. Both fluorophores have
optimal response in the middle of the physiological pH range (pH = 6.0 to 8.0), making
them ideally suited for cell culture. In addition, calcein AM exhibits improved cell
retention over other available fluorophores. This improved retention reduces leakage and
subsequent incorporation into cells that may be whole, but nonviable (leaky membranes)
which would result in false viable cell readings.
In addition to the above properties, these fluorophores were selected because of
their high quantum efficiency, being 60 % for both, and their large extinction coefficient,
approximately 83,000/molar cm for both. Quantum efficiency is a measure of the
percent of photons emitted per photons absorbed. The extinction coefficient is a measure
of the duration of photon emission. Fluorophores with the highest possible light emitting
capacity (fluorescence intensity) were required to generate sufficient light for macroscale
photography. Conveniently, the excitation wavelength for both fluorophores is 490 nm.
The emission wavelength for calcein AM is 512 ± 20 nm. The emission wavelength for
ethidium homodimer is 615 ± 5 nm. The fluorescent intensity of both fluorophores is
pH dependent, being the highest at physiologic pH.
Calcein AM is uncharged and is transported into the cell cytoplasm where it is
trapped. Calcein AM is colorless and non-fluorescent until its ester group is hydrolyzed
by nonspecific intracellular esterases, releasing the hydrophilic, polyanionic, fluorescent
indicator and thereby labeling viable cells green. This polyanionic fluorescent indicator
also prevents calcein AM (now charged) from leaking out of a viable cell. Ethidium
homodimer is charge and therefore cannot pass through the cell membrane. Once a cell
lyses, ethidium homodimer will selectively bis-intercalate with DNA, increasing its
fluorescence intensity approximately 30-fold, thereby labeling dead cell debris red.
Because their are no surfactants present in the salt/sugar buffer in which the cells are
suspended, the DNA and other cellillar components from lysed cells tend to clump
together, forming large, fibrous strands and balls which are labeled red by the ethidium
homodimer. This clumping is advantageous, as it makes small fragments of dead cells
easy to visualize. Because the fluorescent intensity of unbound ethidium homodimer in
solution is low, it is not visible, and thus renders a black background against which the
cells can be photographed. When a cell lyses, the calcein AM stores will be released
into the medium, gradually increasing the background medium fluorescence, making the
medium uniformly green. Some of this calcein AM gets entrapped in the clumps of dead
cells, making the clumps appear orange rather than red.
3.8.2. Cell Culture Medium for Fluorescent Visualization
Medium alone or medium supplemented with serum could not be used for the
fluorescent visualization studies because both contain components such as amino acids
that themselves fluoresce. Most unsubstituted aromatic compounds exhibit intense
fluorescence. As the degree of conjugation (two double bonds separated by a single
bond) increases, the intensity of fluorescence increases. Highly conjugated non-
aromatics, heterocyclic compounds and molecules with carbonyl groups can also
fluoresce (Guilbault, 1990). Dulbecco's Modification of Eagle's Medium (DMEM)
alone, without serum or serum substitutes contains eight biomolecules that fit into one
of these four categories and are known to fluoresce. These biomolecules along with their
maximum excitation and maximum emission wavelengths are listed in Table 3.2.
Table 3.2. Fluorescence properties of Dulbecco's Modification of Eagle's Medium
(DMEM) components. Wavelengths are maximum excitation and emission wavelengths.
Data from Guilbault, 1990.
Component Fluorescent? Xd t (nm) emiss (nm)
Glycine No --- ---
L-Histidine Yes 340 480
L-Iseleucine and L-Leucine No --- ---
L-Lysine No --- ---
L-Methionine No --- ---
L-Phenylalanine Yes 260 282
L-Serine No --- ---
L-Threonine No --- ---
L-Tryptophan Yes 287 348
L-Tyrosine Yes 280 310
L-Valine No --- ---
Choline Chloride No --- ---
Folic Acid Yes 365 445
Myo-Inositol No --- ---
Niacinamide Yes 340 460
D-Pantothenic Acid No --- ---
Pyridoxal HCI Yes 330 385
Riboflavin Yes 365 520
Thiamine HCI No --- ---
Ferric Nitrate No --- ---
Elements: Calcium, Potassium and No --- ---
Sodium Chloride, Magnesium
Sulfate, Sodium Phosphate
Of the amino acids, phenylalanine, tyrosine and tryptophan have the highest
fluorescence intensity (Guilbault, 1990). The fluorescence of these amino acids
demonstrates the effect of structure on luminescence. Phenylalanine has only a benzene
ring and a -CH2- side chain, making it weakly fluorescent. Tyrosine differs from
phenylalanine only by a hydroxyl group on its benzene ring. This addition of a hydroxyl
group affords a 20-fold increase in fluorescence. Addition of an indole ring to
phenylalanine to make tryptophan results in a 200-fold increase in fluorescence over
phenylalanine. The fluorescence intensity of L-histidine is small in comparison to
phenylalanine while those of the non-amino acid biomolecules listed in Table 3.2 are on
the same order of magnitude or somewhat smaller than phenylalanine.
Because many of the biomolecules that are required for cell growth contain
functional groups that fluoresce, it would be difficult if not impossible to develop a cell
culture medium that would not fluoresce. Supposing it was necessary to conduct long-
term experiments in which the health of the cell culture would demand the use of
medium, an option would be to choose a photographic filter that would exclude the
emission wavelengths of the medium components, and to couple this with fluorophores
that had emission wavelengths substantially higher or lower than those of the medium
components. This procedure would reduce, but not eliminate the intensity of the
fluorescence from the medium components since most medium components produce a
broad band fluorescence that spans from 250 to 650 nm wavelengths. Restricting the
excitation wavelength to a narrow band around that required by the fluorophores would
be less effective as most molecules can be excited by a broad range of wavelengths.
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After investigation of the fluorescent properties of IMDM, FBS and various
medium alternatives, a salt/sugar buffer was chosen for cell suspension for all fluorescent
visualization studies. The fluorescence properties of all solutions tested at an excitation
wavelength of 490 nm are given in Table 3.3. Although phosphate buffered saline (PBS)
does not fluoresce, the salt/sugar buffer (RPMI-1640 Salt Solution, Sigma Chemical,
Catalog No. R7258, prepared without phenol red) was chosen because it would sustain
cell viability for a longer period of time. Phenol red was excluded from the salt/sugar
buffer because it strongly fluoresced. The formulation for the salt/sugar buffer is given
in Table 3.4. Prosil, which was used to treat the glass surface of the bioreactors to
prevent cell attachment did not fluoresce. All of the medium additives, 0.2 % (w/v)
Pluronic F68, 2 % (v/v) Cellift antifoam, 5 % (v/v) BSA, 10 units/ml penicillin, and
10 ytg/ml streptomycin, all prepared in PBS, produced little if any fluorescence. In
addition, the cells themselves did not fluoresce.
3.8.3. Preparation of Cells
Calcein AM and ethidium homodimer will not readily dissolve in water. For this
reason, dimethyl sulfoxide (DMSO) was used to solubilize the fluorophores. A 10 mM
stock solution of calcein AM was prepared by dissolving 1 mg in 100 /l of DMSO. A
5 mM stock solution of ethidium homodimer was prepared by dissolving 1 mg in 100 1l
of DMSO and 134 1l of high purity water. Stock solutions were stored desiccated at
-20 0C. Cell cultures were treated with 10 ,IM calcein AM and 5 ,tM ethidium
homodimer.
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Table 3.3. Fluorescence properties of various cell culture medium, cells, additives and
salt solutions,
Solution Fluorescent? Xem_ (nm)/Comment
Phosphate Buffered Saline (PBS) No -----
PBS + 14.9 mg/L Phenol Red Yes 610+, very intense
PBS + 5 % (v/v) FBS Yes 500-650, broad band,
moderately intense
100 % FBS Yes 500-650, broad band,
very intense
Serum Free DMEM without Phenol Yes 500-650, broad band,
Red (Adema, 1989) moderately intense
IMDM with Phenol Red Yes 500-650, broad band,
very intense
IMDM with Phenol Red Yes 500-650, broad band,
+ 5 % (v/v) FBS very intense
0.2 % (w/v) Pluronic F68 in PBS No slight to none
2 % (v/v) Cellift Antifoam No slight to none
1X Penicillin/Streptomycin in PBS No slight to none
5 % Bovine Serum Albumin in PBS Yes 590-600, low intensity
Prosil on glass No
CRL-1606 Cells in PBS, 106 cell/ml No -----
Salt/Sugar Buffer No
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Table 3.4. Formulation of the salt/sugar buffer used in fluorescent visualization studies
(RPMI-1640 Salt Solution, Sigma Chemical, Catalog No. R7258, prepared without
phenol red).
Component IX Concentration (g/L)
INORGANIC SALTS
Calcium Nitrate*4H 20 0.1
Magnesium Sulfate (anhydrous) 0.04884
Potassium Chloride 0.4
Sodium Bicarbonate 2.0
Sodium Chloride 6.0
Sodium Phosphate Dibasic (anhydrous) 0.8
OTHER
D-Glucose 2.0
Glutathione (reduced) 0.001
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CRL-1606 cells in mid-exponential growth phase from T-flasks grown under the
conditions described in Section 3.1. (in IMDM supplemented with 5 % FBS) were
treated with 10 tM of the fluorophore calcein AM (green) which absorbs into the cell
cytoplasm. After a 20 minute incubation at 370C with the calcein AM, the cells were
centrifuged at 200 x g for 10 min, resuspended in a salt solution supplemented with
glucose and glutathione (RPMI- 1640 Salt Solution, Sigma Chemical, Catalog No. R7258,
prepared without phenol red), centrifuged again and resuspended in the salt/sugar buffer.
Due to the absence of surfactants, this salt/sugar buffer was non-foaming. For
experiments in which a foam layer was desired, the salt/sugar buffer was supplemented
with 1 mg/ml bovine serum albumin (BSA). BSA enabled the creation of a foam layer
which was stable for 2 to 3 minutes. Five M ethidium homodimer (red) was then
added to the resuspended cell solution. Ethidium homodimer cannot penetrate the cell
membrane. However, upon cell lysis, ethidium homodimer selectively binds DNA
released from lysed cells, bis-intercalating with the DNA, thereby increasing its
fluorescence intensity 30-fold upon binding, and thus labeling dead cell debris red.
Cell viability could have been quantified by integrating the green or red
fluorescence from a given sample and calibrating this fluorescence against some known
viability measure, such as trypan blue. Because the fluorophores did not affect trypan
blue staining of fluorophore-treated cells, this extra step was not taken. All cell viability
numbers reported for fluorescent visualization results were obtained from the trypan blue
staining technique.
104
Although the fluorophores are toxic to the cells, the salt/sugar buffer defines the
lifetime and health of the cells. Cells treated with 10 ysM calcein AM and 5 A.M
ethidium homodimer grew normally and remained greater than 95 % viable for more than
15 hours. The viability of cells transferred into the salt/sugar buffer remained above
95 % for approximately 8 hours, after which time cell viability decreased dramatically
to 50 % in the 12th hour, due to the absence of proteins and essential amino acids
required for their growth, repair and replication. Cells will remain greater than 90 %
viable in the salt/sugar, fluorophore treated suspension for a maximum of 8 hours. For
this reason, fluorescent visualization studies were conducted at a gas flow rate of
100 ml/min (2.0 vvm), using a 20 gauge needle so that all cells were dead due to
bursting bubbles within 4 hours.
3.8.4. Microscopic Visualization
For microscopic fluorescent visualization of single cells or a section of a small
bubble, a Nikon Inverted Microscope (Nikon Corp., Model Diaphot-TMD, Melville,
NY) fitted with extra long working distance objectives was used. A mercury arc lamp
(Osram Corp., Model HB-10101AF, Montgomery, NY) served as the light source. This
light was reflected off a long pass dichroic mirror, which reflected wavelengths under
510 nm to an exciter filter which passed 450 to 490 nm wavelengths on to the sample
(calcein AM and ethidium homodimer excite at 490 nm). Light from the excited sample
was passed through a high pass 515 interference filter (Nikon, Corp., Model BA5151F)
which transmitted wavelengths greater than 500 nm to the eyepieces and camera. This
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filter has a half-power transmittance at 515 nm, a peak transmittance at 530 nm, and a
slow transmittance decay to 700 nm. This long pass filter is ideally suited for the calcein
AM which emits at 512 + 20 nm. It also provided ample light intensity for the ethidium
homodimer which emits at 615 + 5 nm.
A 35 mm, fully automatic, Nikon camera (Nikon Corp., Model N8008S) attached
to the microscope was used to photograph the fluorophore treated cell cultures.
Fujichrome P1600 push film (Fuji Photo Film Co. Ltd., Tokyo, Japan) was used in all
photography. This film has a good red/green balance and is also more sensitive to red
light than Kodak films, compensating for the lower levels of red light passed through the
emission filter. P1600 is the highest ASA color film available through Fuji. The higher
the ASA, the more sensitive the film is to light, but the more grainy the picture. The
relatively low level light produced by the fluorophores dictated the use of this type of
film. Exposure times and F-stops depended on the particular set up and density of cells.
All film was pushed a minimum of two stops to achieve an acceptable photograph
lightness.
Two different setups were used for microscale fluorescent visualization. In the
first setup, cell suspensions of varying viability were placed on a microscope slide and
topped with a coverslip. These cell suspensions were photographed at 200 X
magnification to illustrate the staining of the viable cells and dead cell fragments with the
fluorophores. In the second setup, alternating plugs of fluorophore-treated cell
suspension and air were sucked into a 50 /m glass capillary fitted with a screw-top-
micro-syringe. A glass capillary was used so that cells in the suspension under the
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bubble could be viewed. The capillary was secured horizontally on the microscope
platform, above the objectives, and the microscope was lain on its side such that gravity
acted downward, normal to the open end of the capillary. Pressure was then gently
applied by slowly rotating the screw top on the micro-syringe to form a bubble from the
cell suspension on the end of the capillary. These bubbles were photographed at 40 X
magnification. Because the bubble diameter was greater than the depth of field of the
microscope, the microscope was adjusted to focus on the particular cross section of the
bubble of interest for each photograph. Because the fluorophore treated cells were
suspended in a salt/sugar buffer which had no surfactants, the bubbles were stable for
only a few seconds, making focusing and optimal lighting difficult to achieve.
3.8.5. Macroscopic Visualization
Macroscopic visualization of fluorophore-treated cell suspension in a rectangular
bubble column bioreactor, 3.0 cm x 1.0 cm x 38.1 cm (Section 3.7.3), was achieved
using a 4-Watt Argon-ion laser. The rectangular bubble column bioreactor was
inoculated with 50 ml of a fluorophore-treated cell suspension, giving a liquid height of
approximately 17 cm. The 4-Watt Argon-ion laser beam produces three different
wavelengths of light which were separated by a beam splitter. The 488 nm wavelength
beam was expanded to approximately 0.5 cm x 3 m by passing through a 15 mm
cylindrical lens. The expanded beam was passed through the bubble column bioreactor
axially, along its width (1.0 cm side), exciting the fluorophore-treated cell suspension.
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The column was photographed perpendicular to the laser light, normal to the 3.0 cm
side.
All photography was done in a dark room with the laser being the only source of
light. A 35 mm fully automatic Cannon T70 camera (Cannon USA, Inc., Lake Success,
NY) fitted with a 510 to 700 nm wavelength cut off filter (Kodak Wratten Gelatin Filter
No. 12, Eastman Kodak) was used to photograph the cells. This filter has a 55 %
transmittance at a wavelength of 520 nm and a 90 % transmittance at 620 nm. Because
this filter favors red light, the ethidium homodimer labeled cell fragments can be detected
through the green background that gradually increases as a result of the release of calcein
AM from cells upon lysis. Fujichrome P1600 push film was used for all photography.
The description of and developing procedure for this film is given in Section 3.8.4. The
shutter speed and F-stop settings were highly dependent on the viability of the cells, with
lower viabilities resulting in higher fluorophore excitation, and on the power output of
the laser which fluctuated between 1.2 and 2 Watts. When the laser reduced its power
output, the expanded laser beam lost intensity, with intensity diminishing away from the
centerline of the beam, resulting in nonuniform excitation of the bubble column
bioreactor.
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CHAPTER 4. RESULTS AND DISCUSSION
4.1. Cell Culture Medium Physical Property Data
Cell culture medium physical property data were collected for use in calculations
of bubble diameters and for determining whether alterations iin fluid properties affected
interfacial and hydrodynamic forces generated by bubbles.
4.1.1. Osm-olality
Concentrations of Pluronic F68 above 0.1 - 0.4 (w/v) %, dependent on the cell
type, have been shown to be lytic to animal cells (Mizrahi, 1975; Handa et al., 1987a;
Gardner et al., 1990). In this work, increasing the concentration of Pluronic F68 from
0.2 % to 5.0 (w/v) % in IMDM supplemented with 5 % FBS, 10 units/ml penicillin and
10 1zg/ml streptomycin results in a gradual decline in CRL-1606 cell growth rate (Section
4.2.4). Because there is not a sharp decline in cell growth rate at a threshold
concentration of Pluronic F68, the possibility that increasing concentrations of
Pluronic F68 result in declining cell growth rate by increasing the medium osmolality
was investigated. If this hypothesis proved true, the salt concentration of the basal
medium could be lowered to compensate for the declining growth rate.
The osmolality of IMDM and the salt solution used in the fluorescent visualization
studies (Sigma Chemical, Catalog No. R7258, prepared without phenol red)
supplemented with serum, antifoam and varying concentrations of Pluronic F68, F88 and
F108 are given in Table 4.1. In addition to Pluronic F68, Pluronic F88 and F108 have
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Table 4.1. Osmolality for various cell culture basal media and supplements.
Basal Medium and Supplements Osmolality
(mOsm/kg)
IMDM without sodium bicarbonate (Sigma Chemical) 225 + 5 %
IMDM + 3.024 g/1l sodium bicarbonate (Sigma Chemical) 276 + 5 %
IMDM (this and all below with sodium bicarbonate) 283
IMDM + 0.2 % (w/v) Pluronic F68 282
IMDM + 5 % (v/v) FBS 283
IMDM + 5 % (v/v) FBS + 0.2 % (w/v) Pluronic F68 283
IMDM + 5 % (v/v) FBS + 0.4 % (w/v) Pluronic F68 283
IMDM + 5 % (v/v) FBS + 0.5 % (w/v) Pluronic F68 284
IMDM + 5 % (v/v) FBS + 1.0 % (w/v) Pluronic F68 286
IMDM + 5 % (v/v) FBS + 2.0 % (w/v) Pluronic F68 288
IMDM + 5 % (v/v) FBS + 5.0 % (w/v) Pluronic F68 290
IMDM + 5 % (v/v) FBS + 0.2 % (w/v) Pluronic F88 283
IMDM + 5 % (v/v) FBS + 0.2 % (w/v) Pluronic F108 281
IMDM + 5 % (v/v) FBS + 0.2 % (w/v) Pluronic F68 284
+ 2.0 % (v/v) Ventrex antifoam
Salt Solution, (Sigma Chemical Catalog No. R7258) 283
Salt Solution + 0.2 % (w/v) Pluronic F68 283
Salt Solution + 1.0 % (w/v) Pluronic F68 283
Salt Solution + 0.2 % (w/v) Pluronic F68 283
+ 2.0 % (v/v) Ventrex antifoam
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been evaluated for their protective effect against fluid mechanical and bubble aeration
damage in cell cultures (Runyan and Geyer, 1963; Mizrahi, 1975, 1984). The reported
osmolalities for IMDM basal medium with and without sodium bicarbonate (Product
Information literature, Sigma Chemical) are also given in Table 4.1. The osmolality for
all of the media is fairly constant at 283 + 2 mOsm/kg, regardless of the supplements
which are added. This value is in good agreement with the osmolality reported by Sigma
Chemical for IMDM. As the concentration of Pluronic F68 increases, from 0.2 % to
5.0 % (w/v), the osmolality increases slightly, but is still within the range acceptable for
most cells, being 260 to 320 mOsm/kg (Freshney, 1987). Clearly, the detrimental effect
of higher concentrations of Pluronic F68 is not due to excessive osmolality.
4.1.2. Density, Viscosity and Equilibrium Surface Tension
The density, viscosity and surface tension of various basal media and supplements
(with the exception of Pluronic F68) used in this research for the cultivation of
CRL-1606 cells are given in Table 4.2. Fluid physical properties of IMDM
supplemented with Pluronic F68 and other additives are given in Table 4.3. The physical
properties are in good agreement with data reported for hybridoma cells grown in RPMI
(Table 4.3, Handa et al., 1987a) and with surface tension data on various concentrations
of Pluronic F68 in water at 400C (Table 4.4, Schick, 1967). The surface tension of 0.1
% (w/v) Piuronic F68 dissolved in water at 40 0C is 42.1 dynes/cm which compares well
with 40 dynes/cm for 0.1 % (w/v) dissolved in RPMI at 370 C and 41.9 dynes/cm for
0.2 % (w/v) dissolved in IMDM at 370 C.
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Table 4.4. Surface tension of
Pluronic F68 at various
temperatures and concentrations
in water (Schick, 1967).
Pluronic F68 Temp Surface
Concentration (0C) Tension
(w/v) % (dynes/cm)
0.01 40 58.4
0.1 40 42.1
1.0 40 37.7
0.01 25 51.2
0.1 25 50.3
The Cellift antifoam used in this research has a much more pronounced effect on
surface tension than that for antifoam C (Sigma Chemical) as reported by Handa et al.
(1987a). Cellift antifoam is a dilute, pre-sterilized, stabilized emulsion of medical
antifoam AF emulsion (Dow Coming). Because the dilution ratio is proprietary, it is
difficult to determine if the difference in surface tension is due to a concentration effect
or a structural effect. Most likely, a structural difference renders the effect.
None of the additives had a significant effect on fluid density or viscosity.
Although the Cellift antifoam appears to reduce slightly the fluid viscosity, the reduction
is only about 8 percent. Hence, surface tension is the only physical property that will
significant alter bubble injection, rise and bursting dynamics. However, all surface
active agents in the medium will affect bubble interfacial properties, and thereby, bubble
hydrodynamics. For example, both antifoam and Pluronic F68 reduce surface tension
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and thus bubble size, which changes rise dynamics. In addition, the collection of surface
active agents at the bubble interface will alter wake dynamics and thus interfacial shear
stresses and particle flotation phenomena. Both fluid physical properties and interfacial
phenomena were accounted for in the calculation of bubble diameters and the assessment
of hydrodynamic and interfacial forces generated by bubbles.
The effect of Pluronic F68 on dynamic surface tension is discussed in
Section 4.6.2.
4.2. Environmental Effects on Cell Growth, Metabolism and Antibody Formation
4.2.1. Temperature
Electrical heating tape, placed along the length of the bubble column bioreactor,
was used to control culture temperature in the fluorescent visualization studies. Because
the accurate control of temperature using this tape was difficult, the effect of temperature
on CRL-1606 cell growth, metabolism and antibody formation was investigated.
The effect of culture temperature, from 4VC to 370C on CRL-1606 cell growth
rate is shown in Figure 4.1. Each datum point is the average of 4 to 8 separate
experiments. Duplicate experiments were conducted in 125 cm3 spinner flasks operated
at 35 rpm. Spinner flasks were placed in air fed (no CO2 addition) incubators, water
baths or refrigerators. Cells were cultured in IMDM supplemented with 5 % FBS,
10 units/ml penicillin and 10 ~g/ml streptomycin. The initial cell concentration was
1 x 10s cells/ml.
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Figure 4.1. Effect of culture temperature on the growth rate of CRL-1606 cells. Each
datum point is the average of 4 to 8 experiments. Cells cultured in T-flasks and spinner
flasks using IMDM supplemented with 5 % FBS and antibiotics.
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The cell growth rate at 370C was 0.048 hr'. The maximum specific growth rate
for CRL-1606 cells cultured in IMDM supplemented with 5 % (v/v) FBS at 37°C in a
98 % relative humidity, 10 % CO2 incubator is 0.053 hr' (Section 4.2.2). The lower
than maximum specific growth rate achieved by the 370 C culture may be attributed to
the absence of CO2 in this experiment. In addition to its buffering capacity, CO2 is
known to be required for the growth of many mammalian cell lines, especially at low cell
density (Freshney, 1987).
As shown in Figure 4.1, the dependence of cell growth rate on temperature is
modeled well with an exponential function. Assuming that the temperature dependence
of the cell growth rate is analogous to the that in chemical reaction kinetics, the
temperature dependency of the cell growth rate may be modeled by the Arrhenius rate
theory. This relation is expressed mathematically as:
k = Ae -A~RT (4.1)
where k is the specific death rate constant (hr -1), A is the frequency factor (hr-'), AE is
the activation energy of death (cal/mole), R is the universal gas constant (cal/mole 'K)
and T is the absolute temperature (°K). The log of the cell growth rate data versus
reciprocal absolute temperature from Figure 4.1 is replotted in Figure 4.2. The slope
of this line gives the value of AE/R, where E is the minimum collision energy between
two molecules that results in chemical reaction. As shown in Figure 4.2, the value of
AE/R is 12.0 'K. Although the data is accurately modeled by the Arrhenius rate theory,
the value of AE/R represents the minimum activation energy of a lumped sum of rate
controlling reactions for cell growth and is probably meaningless.
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Figure 4.2. Cell growth rate versus reciprocal absolute culture temperature for
Arrhenius rate theory analysis. The slope of the line gives the ratio of the activation
energy of death, AE, to the universal gas constant, R. The value of this ratio and the
frequency factor, A, are given for the data. The correlation coefficient (CC) is 0.98.
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The glucose consumption (Figure 4.3) and lactate production (Figure 4.4) at
various temperatures exhibit the same trend as the cell growth rate data; confirming the
results of the cell growth measurements. The specific glucose uptake rate and lactate
production rate for each temperature were calculated from this data and the ceil growth
rate from Figure 4.1. The results are shown in Figure 4.5. The specific glucose uptake
rate at 370 C is 3.8 x 1010 mmoles glucose/cell hr and the specific lactate production rate
at 370 C is 6.6 x 10-0 mmoles lactate/cell hr. These results are in good agreement with
the work on CRL-1606 cells grown in a single-pass ceramic matrix bioreactor using
IMDM supplemented with 5 % (v/v) FBS which reports a glucose uptake rate of
3.8 x 1010 mmole glucose/cell hr and a lactate production rate of 6.9 x 1010 mmoles
lactate/cell hr (Applegate, 1991). It is interesting to note that the glucose uptake rate and
lactate production rate are reasonably constant from 32 to 37 0 C, but decrease abruptly
and dramatically below 320 C. This may mark the temperature transition below which
the fraction of all bimolecular collisions that involve energies in excess of the minimum
activation energy, AE, are small. Hence, cell growth and metabolism is greatly reduced.
Antibody productivity (data not shown) also exhibits the same trend, decreasing
in proportion to the cell growth rate. This trend indicates that the antibody production
rate is not directly a function of the growth temperature, but rather it is dependent on the
cell growth and metabolic rates.
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Figure 4.3. Glucose consumption versus time at various temperatures.
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Figure 4.4. Lactate production versus time at various temperatures.
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4.2.2. Serum Concentration
Two different concentrations of serum were used to determine if the concentration
at which Pluronic F68 becomes detrimental to CRL-1606 cells was a function of the total
concentration of amphophilic molecules in the medium (Section 4.2.4). In order to
separate the effects of Pluronic F68 on cell growth rate from those of serum, the effect
of reduced serum concentration on CRL-1606 cell growth, metabolism and antibody
formation was investigated. A growth study was conducted immediately upon
introduction of the cells to the reduced serum environment. Maintaining the same serum
concentrations, a separate experiment was conducted at the end of the first growth period
to determine if there was an effect of adaptation to reduced serum concentration.
Cell growth rate data for serum free DMEM and IMDM supplemented with
varying concentrations of fetal bovine serum are shown in Figure 4.6. Duplicate serum
concentrations were investigated in 175 cm2 T-flasks and 125 cm3 spinner flasks operated
at 35 rpm. Results from T-flask and spinner cultures were identical, indicating that the
low level shear generated in the spinners has no effect on cell growth, even at reduced
serum concentrations. Each datum point is the average of the T-flasks and spinner flask
results. Results of the second experiment, in which cells had a second growth period to
adapt to the reduced serum environment, were identical to the first experiment. Either
CRL-1606 cells are unable to adapt to reduced serum environments, or adaptation
requires a longer period of time.
Assuming serum is the limiting substrate, the dependence of cell growth rate on
serum concentration can be modeled by the Monod model (Monod, 1949):
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Figure 4.6. Effect of fetal bovine serum concentration on the growth rate of CRL-1606
cells. Each datum point is the average of two experiments. Cells cultured in T-flasks
and spinner flasks using (-0-) IMDM supplemented with antibiotics and serum, and
(-a-) serum free DMEM with antibiotics.
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where ~ is the specific cell growth rate, r. is the maximum specific growth rate, S is
the limiting substrate concentration, and K, is a constant equal to the substrate
concentration when the growth rate equals half of the maximum growth rate. Figure 4.7
presents a double reciprocal plot obtained by inverting both sides of Equation (4.2). The
slope of this line gives the ratio of K, to u. and the intercept yields the value of L...
For CRL-1606 cells cultured in IMDM supplemented with 5 % FBS, •., is 0.053 hr '
and K, is 0.39 % serum. These values are shown as dotted lines on Figure 4.6. Glacken
et al. (1988) reports values c" . of 0.055 hr -' and K, of 0.50 % for CRL-1606
cultured in IMDM supplemented with 5 % FBS. The only difference between this study
and the study of Glacken is the source of the serum. Apparently, different lots of serum
render different K, values and thus different rates of growth, but have no effect on ~..
The lack of dependence of /t on serum type is confirmed by the results of the serum
vendor test given in Table 3.1. Cell growth rates are fairly constant for all serum
vendors; only the maximum cell concentration changes. Viability measurements on the
reduced serum studies showed that growth rate could be reduced by approximately a
factor of two (serum concentration < 0.5 %) before cell viability was significantly
affected.
Glucose consumption data are shown in Figure 4.8. Glucose consumption
exhibits the same trends as the growth rate data, decreasing as the concentration of serum
decreases. From this data and the cell growth rate data of Figure 4.6, the glucose uptake
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Figure 4.7. Double reciprocal plot for evaluation of Monod kinetics parameters. The
slope of the line gives the ratio of K, to m. The intercept yields the value of p,. The
value of this ratio and p, are given for the data. The correlation coefficient (CC) is
0.99..
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Figure 4.8. Glucose consumption versus time at various serum concentrations.
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rate for each serum concentration was calculated (Figure 4.9). Serum free DMEM
renders a glucose consumption rate similar to 1.0 % FBS, and 5.0 % and 10 % FBS
render nearly identical glucose consumption rates. The same trend in growth rate
reduction with decrease in serum concentration is exhibited by the lactate production rate
(data not shown).
Figure 4.10 shows the total monoclonal antibody concentration with time at
different serum concentrations. With the exception of the serum free DMEM results,
total monoclonal antibody production exhibits the same trends as the growth rate data.
As shown in Figure 4.11, a reduction in serum decreases the specific antibody
productivity per cell. This is especially evident for serum free DMEM. Although serum
free DMEM renders a growth rate similar to that of IMDM supplemented with 0.1 %
FBS, the antibody productivity per cell is substantially lower. Serum free DMEM
appears to be deficient in some biochemicals required for production of monoclonal
antibody, resulting in greatly reduced specific antibody production rate per cell. The
results are in good agreement with the reported IgG monoclonal antibody productivities
for CRL-1606 cells in batch cultwie systems. A final, total antibody concentration of 133
mg/L for spinner flask cultures supplemented with 5 % FBS and 87 mg/L for batch
cultures supplemented with 2.5 % FBS were reported (Lindell, 1992).
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Figure 4.9. Glucose consumption rates at various serum concentrations for CRL-1606
cells cultured in (---) IMDM or (---) serum free DMEM.
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4.2.3. Antifoam
Antifoam was added to all air lift bioreactors and to some of the bubble column
bioreactors used in the fluorescent visualization studies to eliminate foaming in the cell
culture. Relatively high gas flow rates, uncharacteristic of most industrial bioreactor
operations, were required for these studies, necessitating identification of an effective,
non-toxic antifoam. Three antifoams were tested for defoaming performance and toxicity
to cells; medical antifoam AF emulsion, medical antifoam C emulsion and Cellift
antifoam which is a dilute, pre-sterilized, stabilized emulsion of medical antifoam AF
emulsion.
Both type C and type AF are 30 % emulsions of simethicone. Type AF also
contains 14 % stearate emulsifiers, 0.075 % of a solution of sorbic and benzoic acid and
antibacterial and antifungal agents. When AF antifoam is used in high concentration,
these additives are toxic to the cells. Medical antifoam AF emulsion has been shown to
be toxic to CRL-1606 cells at concentrations above 300-500 ppm (Adema, 1989),
whereas medical antifoam C emulsion does not exhibit toxic effects until 1750 ppm
(Chiou, 1992). The effectiveness of the antifoams exhibits the opposite trend.
Approximately 100 ppm of AF is required to suppress foaming at a gas flow rate of
1 vvm, in contrast to 1000 ppm of antifoam C being required (Chiou, 1992). Because
the bubble columns used for fluorescent visualization studies were operated at 1.8 vvm,
approximately 2000 ppm of medical antifoam C emulsion would be required to suppress
foaming (Chiou, 1992); a concentration that would be toxic to the cells. For this reason,
medical antifoam AF emulsion was chosen over antifoam C for further evaluation.
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The AF emulsion requires UV sterilization. Steam sterilization results in
separation of the emulsion and loss in defoaming capacity. The AF emulsion also
contains fillers and surfactants that will clog filters, preventing filter sterilization. UV
sterilization requires dilution of the AF emulsion by a minimum of a factor of 10, which
affects the long-term stability of the emulsion, leading to separation and the formation
of small aggregates of antifoam which interferes with cell enumeration. To remedy this
problem, a dilute, pre-sterilized, stabilized form of the medical antifoam AF emulsion
was found and this was Cellift antifoam.
A concentration of 2 % (v/v) Cellift antifoam was non-toxic to cells and effective
against foam formation at gas flow rates up to 1.8 vvm. Growth rate data for CRL-1606
cells cultured in spinner flasks using IMDM supplemented with 5 % FBS, 10 units/ml
penicillin, 10 tg/ml streptomycin and varying concentrations of medical antifoam AF
emulsion and Cellift antifoam are shown in Table 4.5. Because the dilution ratio of
Cellift antifoam is proprietary, the exact concentration of AF in the Cellift antifoam
cannot be determined. Cellift antifoam had no effect on cell growth rate a concentrations
up to 2.0 % (v/v). In agreement with other findings (Adema, 1989), 300 ppm medical
antifoam AF emulsion rendered no cell growth, and concentrations above 500 ppm
yielded excessive cell death. Because Cellift antifoam is a diluted form of medical
antifoam AF emulsion, 2.0 % Cellift antifoam must contain a total medical antifoam AF
emulsion concentration below 300 ppm. Concentrations of AF emulsion below 300 ppm,
and up to 2 % (v/v) Cellift zntifoam had no effect on the glucose consumption, lactate
production or IgG monoclonal antibody production of CRL-1606 cells (data not shown).
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Table 4.5. Effect of antifoam concentration on CRL-1606 cell growth rate, Cells
cultured in spinner flasks using IMDM supplemented with 5 % FBS and antibiotics.
Antifoam Antifoam Concentration Growth Rate (hr 1)
No Antifoam 0 0.048
Cellift 0.5 % (v/v) 0.047
1.0 % (v/v) 0.047
2.0 % (v/v) 0.045
Medical AF emulsion 100 ppm 0.045
300 ppm 0.009
500 ppm - 0.035
1000 ppm - 0.056
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4.2.4. Pluronic F68
Varying concentrations of Pluronic F68 were added to cell culture medium to
determine the effect of Pluronic F68 on CRL-1606 cell growth, metabolism and
monoclonal antibody production, and to determine the maximum concentration beyond
which Pluronic F68 becomes detrimental to the cells. The cell culture medium was
IMDM supplemented with 5 % FBS and antibiotics. Duplicate experiments were
conducted in 175 cm 2 T-flasks and 125 cm3 spinner flasks operated at 35 rpm. Growth
rates in T-flasks were identical to spinner flasks. The results for 0 % to 0.5 % (w/v)
Pluronic F68 are shown in Figure 4.12. Each datum point is the average of two T-flask
and two spinner flask results, i.e. four values.
There is no effect of Pluronic F68 on CRL-1606 cell growth rate up to a
concentration of 0.2 % (w/v). From 0.2 % to 0.5 % the cell growth rate decreases
slightly, from 0.050 hr ' to 0.028 hr -. At concentrations greater than 0.5 %,
(Figure 4.13) the cell growth rate continues to decline, resulting in no cell growth at
about 2 % (w/v) Pluronic F68 and cell death at concentrations greater than 2 %. These
results are in agreement with those from other investigators who have found that the
concentration of Pluronic F68 that affords maximal protection to mammalian and insect
cells against hydrodynamic and interfacial forces without reducing cell growth rate is
0.1 % to 0.4 % (w/v) dependent on the cell type (Kilburn and Webb, 1968; Radlett et
al., 1971; Mizrahi, 1975, 1981, 1984; Mizrahi et al., 1980; Reuveny et al., 1980;
Handa et al., 1987a; Murhammer and Goochee, 1988, 1990; Passini and Goochee, 1989;
Gardner et al., 1990; J6bses et al., 1991; Garcia-Briones and Chalmers, 1992).
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Figure 4.12. Effect of Pluronic F68 on CRL-1606 cell growth rate. Cells cultured in
T-flasks and spinner flasks using IMDM supplemented with 5 % FBS and antibiotics.
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Figure 4.13. Detrimental effect of higher concentrations of Pluronic F68 on CRL-1606
cell growth rate. Cells cultured in T-flasks and spinner flasks using IMDM
supplemented with 5 % FBS and antibiotics.
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For all concentrations tested, Pluronic F68 had no effect on CRL-1606 glucose
consumption and lactate production rates (data not shown). Glucose consumption and
lactate formation followed the same trend as the growth rate. In support of these
findings, the results of all of the studies referenced above show that Pluronic F68 does
not affect cell metabolism.
Although some investigators have reported an increase in antibody productivity
in the presence of Pluronic F68 (Gardner et al., 1990), no increase in anti(human
fibronectin) IgG monoclonal antibody for CRL-1606 cells was found. Figure 4.14 shows
the antibody production data for cultures grown in IMDM supplemented with 5 % FBS,
antibiotics and 0 % to 2.0 % Pluronic F68. Figure 4.15 shows the specific antibody
productivity data calculated from the antibody production data of Figure 4.14 and the cell
growth rate data of Figure 4.13. Antibody concentrations follow the trends of the growth
rate data; no enhanced antibody production was exhibited.
Two different lots of Pluronic F68, purchased four years apart, were used to
determine the effect of lot to lot variability of Pluronic F68 on CRL-1606 cells in
culture. Growth rate data for CRL-1606 cells cultured in IMDM supplemented with 5 %
FBS and 0 % to 0.4 % (w/v) Pluronic F68 is shown in Table 4.6. For the two lots
tested, there was no significant variation in the properties of Pluronic F68 that affected
cell growth rate.
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Figure 4.14. Total IgG monoclonal antibody
of Pluronic F68. CRL-1606 cells cultured in
antibiotics. The data follow the trends of the
versus time for increasing concentrations
IMDM supplemented with 5 % FBS and
growth rate data.
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Figure 4.15. Specific IgG monoclonal antibody productivities for increasing
concentrations of Pluronic F68. CRL-1606 cells cultured in IMDM supplemented with
5 % FBS and antibiotics. Pluronic F68 does not enhance antibody productivity.
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Table 4.6. Effect of lot to lot variation in Pluronic F68 on CRL-1606 cell growth
rate. Lots were purchased four years apart. Possible physical property differences in
the two lots have no effect on cell growth rate.
Pluronic F68 Cell Growth Rate (hr ")
(w/v) % Lot No. WPWH-521B iLot No. WPWH-510B
0 0.050 ± 0.0015 0.052 + 0.0025
0.02 0.051 + 0.0013 0.051 + 0.0020
0.1 0.049 ± 0.0014 0.048 + 0.0019
0.4 0.035 + 0.0015 0.035 + 0.0008
Addition of Pluronic F68 to cell culture medium supplemented with concentrations
of serum lower than required for maximal growth has been shown to increase the cell
growth rate (Mizrahi, 1975, 1981; Mizrahi et al., 1980; Reuveny et al., 1980, 1985).
For example, human lymphoblastoid cells exhibited the same growth rate when cultured
in medium supplemented with 5 % serum, or 3.5 % serum and 0.2 % (w/v) Pluronic
F68 (Mizrahi et al., 1980). To determine if the growth rate of CRL-1606 cells cultured
in medium with low serum concentrations could be augmented by Pluronic F68, the
serum concentration of IMDM was reduced to 0.25 %, and increasing concentrations of
Pluronic F68, from 0 % to 1.0 % (w/v), were added. As much as 1.0 % (w.v) Pluronic
F68 was added to determine if the concentration at which Pluronic F68 began to reduce
the growth rate was a function of the total concentration of amphophilic molecules in the
medium. The results are shown in Figure 4.16.
The growth rate of CRL-1606 cells in IMDM supplemented with 0.25 % FBS was
0.022 hr-1', which is very close to the value predicted by the Monod model for the
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Figure 4.16. Effect of Pluronic F68 on cell growth rate at reduced serum concentration;
(---) 0.25 % FBS and (-*-) 5 % FBS. Concentrations of 0.2 % to 0.4 % (w/v)
Pluronic F68 increase cell growth rate above that for 0.25 % FBS alone. The
concentration above which Pluronic F68 become detrimental to cells is increased from
0.2 % for 5 % FBS to 0.4 % for 0.25 % FBS.
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reduced serum studies (Section 4.2.2), being 0.021 hr 1. In accordance with the findings
of other investigators, addition of 0.2 % to 0.4 % (w/v) Pluronic F68 to cultures
supplemented with 0.25 % FBS increased cell growth rate above that for cultures
supplemented with 0.25 % FBS alone. The concentration at which Pluronic F68 became
detrimental to cell growth was increased from greater than 0.2 % (w/v) for medium
supplemented with 5 % FBS to greater than 0.4 % (w/v) for cultures supplemented with
0.25 % FBS.
The result that supplementation of low serum medium with Pluronic F68 increases
cell growth rate suggests that Pluronic F68 facilitates transport of nutrients into the cell
(Mizrahi, 1975), or substitutes for the protective action of the serum (Mizrahi et al.,
1980), or both. The growth rate data shown in Figure 4.16 was obtained through viable
cell enumeration using trypan blue staining. Pluronic F68 has been shown to inhibit
trypan blue uptake by cells, resulting in an artificial increase in apparent cell viability of
about 12 % (Murhammer and Goochee, 1988). The authors postulated that Pluronic F68
interacts with the cell membrane, inhibiting trypan blue dye uptake. Arguably, the
increase in CRL-1606 cell growth rate observed upon addition of Pluronic F68 to
reduced serum medium could be due to this artificial increase in observed cell viability.
However, glucose consumption, lactate production and antibody formation for the
Pluronic F68 supplemented, reduced serum medium corroborate the cell viability results,
confirming the observed increase in cell growth rate with Pluronic F68 supplementation.
Since there is no shear in the T-flasks and very low level shear in the spinner
flasks used in these experiments, the increase in growth rate must be due to facilitated
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transport of nutrients into the cell. It is a well known biological phenomenon that the
addition of a wetting agent, such as surfactant, to the culture medium allows nutrients
to come in more intimate contact with the exterior of each growing cell and thus
facilitates faster utilization of the nutrients with the consequent stimulation to growth of
the organism (Frobisher, 1957). In support of this hypothesis, membrane stabilization
against hemolysis conferred by surface-active, lipid-soluble anesthetics and surfactants,
including Pluronic F68, was found to be accompanied by changes in the passive
permeability of the membrane (Seeman 1966, 1966a; Janoff et al., 1980). The change
in passive permeability might indicate a structural reorganization of the membrane or else
that a diffusion-limited (or enhanced) subfilm had formed over the membrane (Seeman,
1966a).
In support of the structural reorganization hypothesis, electron spin resonance
spectroscopy of intact human erythrocytes treated with Pluronic F68 showed that Pluronic
F68 affected thermally-induced structural transitions in the membrane, and thereby the
fluidity of the outer membrane (Janoff et al., 1981). These structural transitions are
presumed to be associated with changes in the conformation of either membrane proteins,
phospholipids, or both. Membrane proteins are stable structural components of cells, but
cell membrane lipids are in exchange equilibrium with the lipoprotein-bound lipids of
serum (Cooper and Jandl, 1968). It is highly probably that anesthetics and surfactants
perturb protein-lipid interactions, thereby affecting the fluidity of the outer membrane
(Janoff et al., 1981). Outer membrane proteins presumably associate in a specific
manner to form pores or transmembrane channels. Such pore structure may require a
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specific lipid state. It is known that induced increases or decreases in the fluidity of the
outer membrane may affect processing and assembly of outer membrane proteins, thereby
altering the fluidity of the membrane and thus the transport of nutrients across the
membrane (Janoff et al., 1980).
In addition to affecting a structural reorganization of the membrane through
protein-lipid interactions, it is conceivable that Pluronic F68 affects a structural
reorganization of the membrane by embedding in the membrane. Although there are
contradictory reports (Smith et al., 1987; Cherry et al., 1991), several studies have
shown that Pluronic F68 embeds in the cell membrane, decreasing the fluidity and
elasticity of the membrane (Ramirez and Mutharasan, 1990; Zhang et al., 1992). This
decrease in membrane fluidity, by either mechanism of structural reorganization of the
membrane, increases the shear resistance of the cells, enabling the cells to withstand
higher levels of hydrodynamic stresses. If Pluronic F68 embeds in the cell membrane,
higher concentrations would eventually be lytic to the cell, due to emulsification of the
membrane. Emulsification would occur because the formation of small micelles of
Pluronic F68 and membrane lipids would render a thermodynamically more favorable
state than further incorporation of Pluronic F68 in the cell membrane. The fact that 5 %
Pluronic F68 is lytic to the cells suggests that Pluronic F68 could embed directly in the
cell membrane and that emulsification may be the mechanism of death at higher
concentrations of Pluronic F68.
In support of the diffusion-limited (or enhanced) subfilm hypothesis, Pluronic F68
has been shown to abolish sickle cell adherence to endothelium and thereby improve
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erythrocyte rheology without altering cell shape or size. The result was attributed to a
lubricating effect of Pluronic on cell surfaces due to significant membrane interaction
rather than embedding of Pluronic F68 in the cell membrane (Smith et al., 1987).
The dependence of the concentration at which Pluronic F68 becomes detrimental
to cell growth on serum concentration suggests that the mechanism of Pluronic F68
damage is function of the total concentration of surface active molecules in the culture.
As noted above, cell membrane lipids are in exchange equilibrium with the lipoprotein-
bound lipids of serum (Cooper and Jandl, 1968) and lipid-protein interactions on the cell
surface can be altered by surfactants such as Pluronic F68. Thus, the affect of Pluronic
F68 on lipid-protein interactions and thus cell membrane fluidity would be a function of
both the concentration of Pluronic F68 in solution and the concentration of lipids
provided by the serum. Whether Pluronic F68 facilitates transport of nutrients into cells
by affecting a structural rearrangement of the membrane or by forming a diffusion-
enhanced film around the membrane, increasing concentrations of Pluronic F68 would
eventually reverse the facilitated transport condition, limiting the availability of nutrients,
resulting in reduced growth rate. Interaction of Pluronic F68 with the cell membrane in
this manner would explain the gradual decrease in CRL-1606 cell growth rate with
increasing Pluronic F68 concentration. Inhibition of nutrient transport in the presence
of Pluronic F68 has been observed in the literature. Medium supplemented with 3.5 %
serum and 0.2 % (w/v) Pluronic F68 afforded protection against hydrodynamic and
interfacial forces present in agitated and bubble aerated cultures of human lymphoblastoid
cells, thereby increasing the overall cell growth rate, but at the same time limited the
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availability of nutrients to the cells, resulting in lower glucose consumption rates
(Mizrahi, 1984).
In summary, supplementation of cell culture medium with concentrations of
Pluronic F68 that are optimal for protection against hydrodynamic and interfacial forces,
0.1 % to 0.4 % (w/v), may result in increased metabolic rates via either the formation
of a diffusion-enhanced subfilm around the cell membrane, or an increase in membrane
fluidity which would facilitate transport of nutrients into the cell. Increasing
concentrations of Pluronic F68 above the optimal range may result in increased
membrane interactions, resulting in inhibition of nutrient transport, effectively starving
the cell. Finally, at some concentration, approximately an order of magnitude greater
than the optimal concentration for CRL-1606 cells, Pluronic F68 probably emulsifies the
cell, resulting in lysis of the cell membrane and formation of Pluronic F68/membrane
lipid micelles.
4.3. Mechanisms of Cell Damage in Bubble Aerated Bioreactors
4.3.1. Elimination of Proposed Mechanisms of Cell Death
The dependence of cell death rate on bubble aerated bioreactor operating
parameters (Section 2.3.3) along with order of magnitude estimations of the shear
stresses generated in the four regions of energy dissipation in the bioreactor were used
to systematically eliminate all but the most detrimental hydrodynamic phenomenon
(outlined in Figure 2.1.) that results in cell damage. An estimate of the maximum shear
stress that a cell may experience in each region was calculated using characteristic length
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scales and velocity scales for bubble rise, injection and bursting. Newton's law of
viscosity was used to obtain a rough estimate of the maximum shear stress in each
region:
= dv (4.3)
dx
where r is the shear stress, cf is the fluid viscosity, v is the characteristic velocity and
x is the characteristic length scale for the system. The characteristic length scale,
velocity scale and duration over which each event occurs, along with the calculated shear
stress are shown in Figure 4.17. These values were calculated for an average bubble
diameter of 2.5 mm and a specific air flow rate of 0.1 vvm (volume of gas per volume
of liquid per minute), being equal to the gas flow rate, Q, divided by the volume of the
bioreactor:
4Qvvm 4Q (4.4)
TD H
A bubble diameter of this size would be formed from an orifice of 0.8 mm in
diameter at a gas flow rate of 10 ml/min in a liquid volume of 100 ml of IMDM
supplemented with 5 % (v/v) FBS, 10 units/ml penicillin, 10 g/ml streptomycin, 2 %
(v/v) Cellift antifoam and 1 x 106 cells/ml of CRL-1606 suspension cells. (Refer to
Appendix 1 for calculation of the bubble diameter.) Fluid physical properties for this
system at 370 C are given in Table 4.2 and are as follows: 33.6 dynes/cm medium
surface tension, 1.0037 g/ml medium density, 1.2 x 10-3 g/ml air density, and 6.9 x 10 -3
g/cm s medium viscosity. The calculated shear stress for each region was compared to
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Figure 4.17. Order of magnitude shear stresses in bubble aerated bioreactors.
Calculations are for a bubble diameter of 2.5 mm and a specific gas flow rate of
0.1 vvm.
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the shear stress known to cause cell death in other fluid shearing systems under the
application of intermittent shear; 100 to 200 N/m2 for a duration of less than 0.5 s
(Augenstein et al., 1971; Leverett et al., 1972; McQueen et al., 1987; Smith, C.G. et
al., 1987).
In the region of bubble injection, the bubbles are injected through the orifice at
a velocity equal to the gas flow rate divided by the cross sectional area of the orifice:
Q 4QVo - Q =(4.5)
A0  2
where vo is the velocity at the orifice, Ao is the cross sectional area of the orifice, and
do is the inside diameter of the orifice. The calculate- velocity of air through the orifice
is 33 cm/s. The length scale over which the shear stress occurs can be taken as the
boundary layer around the bubble as it forms, being approximately 500 Am (Levich,
1962). The duration of the shear stress can be approximated by the bubble diameter
divided by the orifice velocity, being 7.6 ms.
Bubble injection forces were rejected as a major cause of cell damage because the
calculated orifice shear stress of 0.5 N/m2 is far less than that required to result in cell
death (100 to 200 N/m2 for a duration of less than 0.5 s) for the short duration over
which it acts. At gas flow rates typical of most bioreactors, bubble formation rates are
on the order of magnitude of bubble rise rates which are not damaging to cells. Bubble
formation forces may, however, become significant at very high gas flow rates,
uncharacteristic of most bioreactor operations.
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The rise velocity for bubble diameters between 1 mm and 20 mm is 20 to 30 cm/s
(Perry and Chilton, 1973). For a single gas bubble, the rise velocity is given by:
v, =1.18 go (p, - ps) (4.6)
where v, is the rise velocity of the bubble, g is the gravitational acceleration constant,
a is the medium surface tension, pf is the medium density and pg is the gas density
(Azbel, 1981). This gives a bubble rise velocity of 16 cm/s for bubbles in the
aforementioned cell culture medium. For swarms of bubbles rising in turbulent flow,
the rise velocity of the swarm is given by:
v, = 1.76. g db (Pf - Pdg))1 (4.7)
where db is the bubble diameter (Azbel, 1981). This gives a bubble swarm rise velocity
of 27 cm/s for the medium. The frequency of bubbles produced by the 10 ml/min air
flow rate passed through the orifice is 20/s (Equation (2.5)) which is too low to produce
turbulent flow. Hence, the bubble rise velocity is probably between these two estimates
and will be assumed to be 20 cm/s. If cells do not adhere to the bubbles, then the
duration of the stress would be on the order of the bubble diameter divided by the rise
velocity, being 12.5 ms. If the cells are assumed to adhere to the bubble, the duration
over which the shear acts would be equal to the residence time of the bubble in the
bioreactor. The residence time is equal to the height of the liquid in the bioreactor
divided by the bubble rise velocity. For the air lift bioreactor used in the entrainment
studies, the height of a 100 ml volume was 16.2 cm, giving a residence time of 0.81 s.
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The characteristic length scale for energy dissipation around a rising bubble can
be approximated by the momentum boundary layer thickness around a bubble prior to
separation. For medium size bubbles (0.2 cm < db < 1.5 cm and 700 < Re <4500),
the momentum boundary layer thickness can be approximated by:
r [2 pf vt,
a _ = __(4.8)
where 6, is the momentum boundary layer thickness and vt is the terminal velocity of the
bubble (Levich, 1962). Assuming the terminal velocity of the bubble is close to the rise
velocity of 20 cm/s, the characteristic length scale for energy dissipation is 65 rim. This
results in a bubble rise shear stress of 2.1 N/m2 which is far less than that known to
cause cell damage, even for the longer duration of 0.81 s. In support of this calculation,
other investigators have shown that at constant bioreactor volume, increasing bioreactor
height and thus increasing bubble residence time results in a decreasing cell death rate
(Handa et al., 1987; J6bses et al., 1991; Tramper and Vlak 1988). This is
counterintuitive to the thought that if bubble rise forces do cause cell damage, increasing
bubble residence time should result in longer exposure of the cells to bubble rise forces,
and thereby higher death rates. Based on these observations, forces generated by bubble
rise were rejected as the most probable cause of cell death.
Interfacial cell-bubble contacts were rejected as the major cause of cell damage
because cells travel at relatively the same velocity as the liquid, and impact forces
between the cell and the bubble at the rise velocity of the bubble are not sufficient to-
cause the cell to penetrate the bubble or to cause damage to the cell. In addition, cells
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have been viewed adhering to the interface of rising bubbles and being carried along in
bubble wakes without significant damage (Bavarian et al., 1991).
This leaves bubble bursting as the primary mechanism of damage for study. If
bubble bursting is assumed to cause the greatest amount of cell damage, then cell death
should increase with increasing gas flow rate and decreasing bubble diameter, both of
which would result in increasing bubble frequency (Equation (2.5)), and thereby an
increasing number of bursting events. To further investigate the bubble bursting
mechanism a literature survey on entrainment phenomena was conducted. The shear
stress values for lamella and jet breakup reported in Figure 4.17 will be discussed in the
following section.
4.3.2. Mechanism of a Bubble Burst
In 1954, the results of a photographic study on the mechanism of a bubble burst
were published (Newitt et al., 1954). A schematic of their findings is shown in
Figure 4.18. A bubble rebounds several times at the interface, coming to rest in the
form of a hemispherical dome. Thus, none of the energy of rise is converted into
bursting energy dissipation. The internal pressure of the bubble produces a depression
of the interface. Liquid drains from the dome until the upper part is so weakened that
the internal pressure causes the formation of a secondary cap. This cap subsequently
disintegrates, giving rise to 10 or fewer droplets of approximately 10 to 20 Jm in
diameter which are carried away by the rush of gas issuing from the perforated dome.
A system of standing waves and a crater result. Inflowing liquid produces a jet which
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Figure 4.18. Mechanism of a bubble burst, (Newitt et al., 1954).
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rises at high velocity until the length of the jet exceeds the diameter of the jet, at which
point Raleigh instability occurs and the jet breaks up into one or more droplets of about
100 to 200 ~m in diameter. The momentum of the jet carries these droplets off at
considerable velocity.
The size of the droplets produced by jet breakup are 10 times larger than the size
of the droplets produced by lamella breakup. Newitt et al. (1954) and another group,
(Garner et al., 1954), measured the diameter and number of droplets collected on a plate
above the bursting region at various bubble diameters and frequencies and used these
results to develop a correlation for the volume of liquid ejected (entrained) by the lamella
and jet breakup, expressed as the mass of liquid ejected per mass of gas introduced:
E 6r ) _+ NL fb P (4.9)[( 6 Qp
where d, and N, are the small droplet diameter and number produced by lamella breakup,
dL and NL are the large droplet diameter and number produced by jet breakup, and E is
the entrainment in mass of liquid ejected per mass of gas introduced. The term in square
brackets is the volume of liquid ejected per bubble. This term is divided by the volume
of a single bubble, fb/Q, and multiplied by the ratio of the liquid to gas densities to
obtain an entrainment value expressed as mass of liquid ejected per mass of gas
introduced. The entrainment, expressed as a function of bubble diameter, is shown in
Figure 4.19 from both authors. Details of how the entrainment was measured and
calculated are given in Appendix 1. At a bubble diameter of about 5 mm, the
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Figure 4.19. Liquid entrainment versus bubble diameter for air bubbles in water; (--m--)
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entrainment drops dramatically, over three orders of magnitude. Interestingly, this is the
same bubble diameter at which cell death rate becomes independent of bubble diameter.
Garner et al. (1954) went on to show that above a bubble diameter of 5 mm, the
excess pressure within the bubble:
4oAp =4 (4.10)
which is converted upon bubble rupture into kinetic energy of the receding lamella and
rising jet, is insufficient to force the jet to rise to a length greater than its diameter. Jet
instability therefore does not occur and the jet recedes back into the liquid without
generation of droplets. Since the droplets produced by jet breakup are ten times larger
than the droplets produced by lamella breakup, the entrained volume drops three orders
of magnitude, or a thousand-fold.
Estimations of the shear stresses generated in the receding lamella and rising jet
are given in Figure 4.17. The velocity of the lamella (Equation (2.7)) is inversely
proportional to the square root of the lamella thickness prior to rupture. The lamella
thickness will be a function of the size of the bubble and the physical properties of the
fluid and can range from angstroms to microns. Assuming a conservative value of
0.5 Lm, the calculated lamella velocity is 1200 cm/s. This value is in good agreement
with the results of a previous study on the rupture of thin films (Pandit and Davidson,
1990). Visualization of the rupture of a lamella indicates that the rupture takes place in
fractions of a microsecond to tens of microseconds, depending on the fluid properties
(Newitt et al., 1954). A value that is an order of magnitude smaller than that observed
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for jet breakup will be assumed, being 3 Ms. Based on the thickness of the lamella just
prior to rupture, the shear stress generated in the lamella of a bursting bubble,
16,000 N/m2, is far greater than that which is known to cause cell death, indicating that
lamella breakup is the most detrimental hydrodynamic event in bubble aerated
bioreactors.
Although this shear stress seems enormously high, it acts for only a few
microseconds or less. For shearing times of 10 ps, a shear stress of 4,000 N/m 2 is
required to lyse erythrocytes (Leverett et al., 1972). In fact, the shear stress may
actually be underestimated. For a bubble diameter of 2.5 mm, approximately two-thirds
of the bubble circumference is exposed above the gas-liquid interface. Assuming that the
lamella breaks at its apex such that half of the exposed surface (2.6 mm) is pulling back
in each direction, then the time required for the lamella to pull back to the horizontal
plane of the gas-liquid interface at a velocity of 1200 cm/s would be 230 ps. However,
it has been observed that the disintegration of the lamella takes place in fractions of a
microsecond to tens of microseconds (Newitt et al., 1954). Using this same lamella arc
length and a time scale of 10 jts gives a lamella velocity of 26,000 cm/s, a lamella
thickness prior to rupture of 9.7 angstroms and a shear stress of 1.9 x 10' N/m 2.
Although this lamella thickness seems unreasonably low, it is in good agreement with a
theoretical estimate of the critical lamella thickness prior to rupture. This thickness is
derived from oscillation frequencies of the bubble lamella and gas within the bubble and
is based on amplification of membrane oscillations being the main cause of bubble
rupture (Azbel, 1981):
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Y = 1 - { 0.5 [*(p + 1)(p -(p 2 - + 9)"2 ] }2
240 0.57260 (4.11)
(pf - p) g d2 a p C
where b6 is the critical lamella thickness prior to rupture and c, is the speed of sound in
air, 340 m/s. This equation gives a critical lamella thickness prior to rupture of
5.5 angstroms. Regardless of which length and velocity scales correctly define the
system, in all cases, the calculated lamella shear stress is orders of magnitude greater
than that required to cause cell death.
The velocity of the rising jet is given by:
Sb Pf
where vj is the jet velocity, Po is the atmospheric pressure, tj is the time for jet breakup
and sb is the radius of the hemispherical depression formed by the bubble at the gas-
liquid interface prior to rupture (Newitt et al., 1954). Based on the comparison of
calculated and measured jet rise velocities, the time for breakup was estimated at 30 /s
(Newitt et al., 1954). This gives a value of 180 cm/s for the jet velocity. A relationship
between the diameter of the large droplets from jet breakup and the jet diameter was
developed from visual measurements of both (Newitt et al., 1954). A droplet diameter
to jet diameter ratio of 1.5 was obtained. For a bubble diameter of 2.5 mm, the
diameter of a large droplet is approximately 640 pm (refer to Appendix 1 for
calculation), giving a jet diameter of 430 Am. If the characteristic length scale for
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energy dissipation is assumed to be the entire diameter of the jet, the resultant shear
stress (3.0 N/m2) is insufficient to cause cell death. If instead, the bursting energy is
assumed to dissipate only in the boundary layer fluid that forms the jet, and this
boundary layer is approximated as one-tenth the diameter of the jet, then the resultant
shear stress is 30 N/m2.
It is not clear whether the magnitude of the shear in the jet is sufficient to cause
cell damage. A computer simulation of bubble bursting dynamics gives a more accurate
estimation of the shear stress generated in a rising jet (Garcia-Briones and Chalmers,
1991). The maximum shear stress generated in the boundary layer of ajet was estimated
to be about 9 N/m 2 for a bubble diameter of 6.3 mm, 30 N/m 2 for a bubble diameter of
1.7 mm and 300 N/m2 for a bubble diameter of 0.7 mm. Because the level of shear
required to damage cells is a strong function of the duration of the stress (Leverett et al.,
1972), it is difficult to know if the shear stresses generated in the jet of the larger two
bubbles is sufficient to kill cells. In addition to the 100 to 200 N/m 2 shear stress already
reported to result in cell death for a 0.5 s exposure duration, hybridoma cells have been
shown to be susceptible to death after 10 minutes of exposure to shear stresses on the
order of 10 N/m2 (Schiirch et al., 1987) and insect cells begin to die after 3 hours of
exposure to shear stresses on the order of 1.5 N/m2 (Tramper et al., 1986). Since the
time scale of jet formation and breakup is on the order of tens of microseconds, most
likely only cells within the boundary layer of jets formed by small bubbles are damaged.
The cells within the core of a jet are probably unaffected by the lower levels of shear in
this region.
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4.4. Cell Death Due to Bursting Bubbles
4.4.1 Entrainment Hypothesis
Cells trapped in the liquid lamella or jet may be damaged by high shear stresses
generated in these regions, or cells caught in the ejected droplets may be damaged by
forces associated with entrainment or re-entry into the bioreactor. It is not clear whether
all of the forces associated with lamella and jet formation and breakup are sufficient to
damage cells (Section 4.3.2), or whether cells in areas immediately adjacent to bursting
bubbles that are not entrained are damaged by fluid shear forces. Nonetheless, a first
approximation was made that all cells caught in the small and large droplets produced
by lamella and jet breakup were killed by the entrainment process, and that cells in all
other areas of the bioreactor were unaffected by the hydrodynamic and interfacial forces
generated by bubbles in the respective regions. Having made this approximation, an
attempt was made to correlate the cell death rate with the liquid entrainment rate.
4.4.2. Entrainment Studies
A description of the air lift bioreactor used for the entrainment studies is given
in Section 3.7.1. Because the liquid entrainment (Equation (4.9)) is a very strong
function of bubble diameter and bubble frequency, the air lift bioreactor was designed
to provide a single, uniform and constant bubble size and frequency. Operation under
this single, non-interacting bubble mode ensured that each bubble was unaffected by any
other, and that there was no bubble coalescence or breakup to affect cell death.
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An operating constraint of this system was that it may become oxygen limited
during the course of an experiment due to the low gas flow rates necessary to obtain
single, non-interacting bubbles. To accommodate this constraint, for each bubble size
of interest, the lowest gas flow rate which satisfied the oxygen demand for
2 x 10' cells/ml at 21 % oxygen feed was calculated and the air lift bioreactor was
inoculated at 5 x 104 cells/ml to allow for two doublings before dissolved oxygen became
limiting. Another operating constraint was that a low gas flow rate resulted in a low
liquid velocity, possibly leading to cell settling in the bioreactor. To remedy this
problem, a very small bioreactor diameter of 2.8 cm was used so that the superficial gas
velocity and thus the liquid recirculation velocity were as large as practically possible.
In addition, the base of the bioreactor was made conical and an inner draft tube was
inserted to achieve a high liquid velocity near the base. The minimum gas flow rate for
each bubble diameter was then constrained to yield a minimum 1.5 cm/s liquid velocity
in order to prevent cell settling as well as to satisfy the oxygen demand of the bioreactor.
If the bubble formation rate at the orifice is higher than the rise velocity of the
bubble (approximately 20 cm/s) coalescence of bubbles near the orifice may occur. To
prevent bubble coalescence near the orifice, the maximum gas flow rate for each bubble
diameter was limited such that the bubble formation rate at the orifice enabled bubbles
to be separated by a minimum of one-half a bubble diameter.
A mouse-mouse hybridoma cell, CRL-1606 cultured in IMDM supplemented with
5 % (v/v) fetal bovine serum, 10 units/mi penicillin, 10 Cg/ml streptomycin and 2 %
(v/v) Cellift antifoam was used as the model system. Antifoam was used to prevent the
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formation of a foam layer. These cells, with antifoam and antibiotic supplements, were
also cultured in a 125 cm' spinner flask culture to serve as a control. The variables
tested were gas flow rate and orifice diameter; the orifices were needles of varying
gauge. Gas flow rates were measured and controlled using flow meters. Air with 10 %
CO2 was used for the gas supply. Bubble size was measured using a high speed video
system (Section 3.7.2) and was also calculated from the orifice diameter and gas flow
rate using theoretical correlations describing bubble formation at varying orifice Reynolds
numbers (Appendix 1). Bubble frequency was measured using a digital stroboscope.
Bubble frequency was also calculated by dividing the gas flow rate by the calculated or
measured bubble volume (Equation (2.5)).
The results of the air lift bioreactor studies are summarized in Table 4.7.
Experimentally measured cell death rates, gas flow rates, bubble sizes, and bubble
frequencies are presented along with the calculated bubble sizes, and bubble frequencies
(based on the measured bubble diameters). (Refer to Appendix 1 for calculations.)
Measured bubble diameters and bubble frequencies are in good agreement with the
calculated values. If there was a discrepancy between the calculated and experimentally
measured bubble diameter, the experimentally measured value was used. The
experimentally measured bubble diameter and gas flow rate were used to calculate the
bubble frequency (Equation (2.5)). Because the calculated bubble frequency is in good
agreement with the measured value, the measured gas flow rate is close to the actual flow
rate.
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For a given needle gauge (size), as the gas flow rate increased, the bubble
diameter increased slightly. This increase in bubble diameter is expected. As the gas
flow rate through a single orifice is increased, a bubble does not have time to completely
pinch off from the orifice before the next bubble starts to form. Thus, a neck is formed
between the two bubbles allowing gas from the lower bubble to be transferred to the
upper bubble. The upper bubble grows in size and eventually pinches off before the
lower bubble is released, thereby increasing the diameter of the upper bubble over that
obtained at a lower gas flow rate. If the gas flow rate continues to be increased, a jet
of gas from the orifice will eventually form which will breakup into many bubbles of
different size at a considerable distance from the orifice.
Figure 4.20 summarizes the results of five of the air lift bioreactor experiments.
For all experiments, viability remained high as the total cell count decreased, indicating
that cells either did not contact the bubbles and grew normally, or upon contact with a
bursting bubble the cells completely lysed. For a bubble diameter of approximately
4.5 mm, a 3.5-fold increase in gas flow rate, from 15 to 50 ml/min, resulted in a
somewhat larger cell death rate. A 3.5-fold increase in gas flow rate for a bubble
diameter of approximately 3.4 mm resulted in a much larger cell death rate, indicating
that both higher bubble frequencies and smaller bubbles contribute significantly to cell
death. This is evident in the case of the smallest bubble of 1.6 mm, where a moderate
gas flow rate, close to that for the 3.2 mm bubble diameter results in massive cell death.
These trends are in agreement with the results of bubble aerated bioreactor studies
performed by other investigators.
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Figure 4.20. Growth and death kinetics of cells cultured in air lift bioreactors.
CRL-1606 cells in IMDM supplemented with 5 % FBS and 2 % (v/v) Cellift antifoam
at various bubble diameters and frequencies.
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The experimentally measured gas flow rates and bubble diameters and the
calculated bubble frequencies were used to determine the entrainment rate, (Equation
(4.13)) which was compared to the experimentally measured cell death rate for each
experiment. The liquid entrainment rate was calculated for each experiment based on the
data of Newitt et al. (1954). Details of the calculation are given in Appendix 1. Small
and large droplet size and number produced by lamella and jet breakup respectively were
reported by Newitt et al. (1954) as a function of bubble diameter. This data was
regressed according to the observed functionality of each relationship reported in their
study. The resulting correlations were corrected for fluid physical property differences
and temperature differences between their system and this cell culture system. The
modified correlations were used to calculate liquid entrainment (Equation (4.9)) for the
bubble diameters and frequencies used in the air lift studies.
The entrainment was then expressed in terms of the volume of liquid ejected per
initial bioreactor liquid volume per unit time by multiplying Equation (4.9) by the gas
flow rate, dividing by the reactor volume, VT, and multiplying by the ratio of the gas to
liquid densities:
B/ = J(4.13)
E'/ [(J N.4+ J NL]b(4.13)6 ) 6 VT
Assuming that cell death occurs only by entrainment, and that all cells within the
entrained droplets are killed, the entrainment rate of Equation (4.13) can be compared
directly with cell death rate, expressed as the volume of cells killed per initial reactor
volume per unit time; hr ". Figure 4.21 shows the relationship between the
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Figure 4.21. Experimentally measured cell death rates versus calculated liquid
entrainment rates in air lift bioreactors. CRL-1606 cells in IMDM supplemented with
5 % FBS and 2 % (v/v) Cellift antifoam. Eight different combinations of bubble
diameters and frequencies were tested.
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experimentally measured death rates obtained from the cell death kinetics data of
Figure 4.20 and the calculated entrainment rates. The dashed line is a unity slope line
for death rate equal to entrainment rate. All of the data fall very close to this line,
indicating that the volume of cells killed per bubble is proportional to the amount of
liquid entrained when a bubble bursts.
These results corroborate the findings of other investigators. For very small
bubble diameters, entrainment rate, and thus cell death rate, is large. For bubble
diameters approaching 5 mm and low bubble frequency, the entrainment rate approaches
zero. Recall that this is the bubble diameter above which entrainment decreases over
three orders of magnitude (Figure 4.19). For a constant bubble diameter, as the bubble
frequency increases, the entrainment rate increases. For a constant bubble frequency,
the results are mixed. For the larger size range of bubble diameters, 3.2 mm to 4.2 mm,
the smaller bubble diameter results in an increase in the entrainment rate (fb of 6.4/s for
db of 4.2 mm compared to fb of 9.7/s for db of 3.2 mm). However, for the smaller size
range of bubble diameters, 2.2 mm to 3.4 mm, the larger bubble diameter results in an
increase in the entrainment rate (fb of 28/s for db of 3.4 mm compared to fb of 30/s for
db of 2.2 mm). The reason for this apparent contradiction is evident if the entrainment
volume per bubble is plotted against bubble diameter. This plot shown for the data of
Newitt et al. (1954) in Figure 4.22.
The entrainment volume per bubble is given by the term in square brackets in
Equation (4.13); i.e. leaving off the fb/V, term:
170
1 2 3 4 5 6
Bubble Diameter (mm)
Figure 4.22. Liquid entrainment per bubble versus bubble diameter for air bubbles in
water. Data from Newitt et al. (1954).
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Expressed in this form, the entrainment is on a per bubble basis, and is independent of
bubble frequency. As shown in Figure 4.22, the volume of liquid entrained per bubble
reaches a maximum at a bubble diameter of approximately 3.5 mm. Recall that the bulk
of the entrainment is from the jet droplets which are an order of magnitude larger in
diameter than the lamella droplets. In addition, the diameter of the jet droplets is
approximately one and a half times the diameter of the jet. As the bubble diameter is
decreased, the diameter of the jet decreases but its length increases, due to the greater
energy dissipation from smaller bubbles (larger excess pressure within the bubble).
Thus, for smaller bubble diameters, a larger number of smaller diameter jet droplets will
be formed. Since the number of jet droplets only varies between about one and four, and
because the entrainment is proportional to the cube of the large droplet diameter, the
diameter of the jet droplets is the controlling factor in determining the total entrainment.
Thus, entrainment per bubble falls for bubble diameters less than 3.5 mm.
For bubble diameters approaching 5 mm, insufficient energy is generated by the
bubble burst to cause the jet to rise to a length greater than its diameter. Hence,
Rayleigh instability does not occur and the jet recedes back into the liquid without
generation of droplets. Since the droplets produced by jet breakup are ten times larger
than the droplets produced by lamella breakup, the entrained volume drops dramatically.
Based on the data of Newitt et al. (1954), the exact correlations for the number
and diameter of small and large droplets produced from lamella and jet breakup,
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respectively, are shown along with the entrainment per bubble in Figure 4.23. The data
and rationale from which these correlations were derived are presented in Appendix 1.
E" is the entrainment per bubble from Figure 4.22 multiplied by 10, E', is the
entrainment per bubble from small droplets; i.e. the first term of Equation (4.14)
multiplied by 100, and EL is the entrainment per bubble from large droplets; i.e. the
second term of Equation (4.14) multiplied by 10. The diameter of the small droplets,
d,, and large droplets, dL, are given in millimeters, the number of large droplets, NL, is
given in number per bubble and the number of small droplets, N,, is given in number per
bubble divided by 10.
For bubble diameters greater than 1 mm, 99 % of the total entrainment per bubble
is from large droplets, E'L. Below this diameter, the jet is so small in diameter that the
contribution to the total entrainment per bubble from jet droplets begins to decrease. As
shown in Figure 4.19, for bubble diameters smaller than about 1 mm, there is a
discrepancy between the entrainment results of Newitt et al. (1954) and Garner et al.
(1954). Garner predicts that the entrainment levels off to a constant value, whereas
Newitt predicts the entrainment increases. The entrainment correlation from Newitt is
correct. Below a bubble diameter ,f 1 mm, the critical thickness of the lamella prior to
rupture begins to increase with decreasing bubble diameter (Equation (4.11)). Larger
droplet diameters result. Although the number of droplets produced by lamella rupture
decreases with decreasing bubble diameter, the increasing droplet size is sufficient to
render an increasing entrainment per bubble with decreasing bubble diameter for bubbles
smaller than 1 mm in diameter. This occurs because the entrainment is proportional to
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Figure 4.23. Contribution of the number and diameter of small and large droplets
formed from lamella and jet breakup, respectively, to liquid entrainment per bubble,
plotted versus bubble diameter for air bubbles in water. Variables are defined in the
text. Data from Newitt et al., (1954).
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the cube of the small droplet diameter, but is only linearly proportional to the number
of lamella droplets.
Tramper et al. (1988) were the first investigators to propose that associated with
each air bubble is a hypothetical killing volume in which all cells are killed. Their
calculations showed that this killing volume corresponded to 0.46 mm'/bubble for a
bubble diameter of 6 mm for insect cells in bubble column bioreactors. Although this
volume is up to an order of magnitude greater than that predicted by Figure 4.22, this
volume was obtained for death rate data on insect cells which are much more sensitive
to shear than are mammalian cells. According to their calculations, a higher death rate
would render a higher calculated killing volume per bubble.
The air lift data shown in Figure 4.21 covers a rather low death rate range
compared to the bubble aerated cell culture work of other investigators (Tramper et al.,
1986; Tramper and Vlak, 1988; Murhammer and Goochee, 1988; Gardner et al., 1990).
To determine if this entrainment model adequately describes cell death in systems with
higher death rates (i.e. higher gas flow rates) entrainment rates were calculated for the
operating conditions used by these investigators. The results are shown in Figure 4.24.
The death rate range of Figure 4.21 was 0 to 0.25 hr-1. In Figure 4.24 the range is
0 to 1.0 hr-'. The data fits the model extremely well through the entire range of death
rates, indicating that the entrainment model correctly describes death even in systems
without single, non-interacting bubbles.
In Figure 4.25, the entrainment rate and death rate are normalized to the bubble
diameter (Equation (4.9)) so that the results can be compared directly to the entrainment
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Figure 4.24. Experimentally measured cell death rates versus calculated liquid
entrainment rates in air lift and bubble aerated bioreactors; results of this study and other
investigators; (0) this study, (N) Gardner et al., 1990, (A) Murhammer and Goochee,
1988, (*) Tramper and Vlak, 1988, (0) Tramper et al., 1986, (----) unity slope line.
176
4.
4.r
*44
4.
4.
.i4.
r4
r4
P4
P4
P4
O4.
4.'
F - 19-- - -- -- ~~
30u
100
b 1o
6)
C 0.1
. -
Z00
100
10
0.1
0
A Cd
0.01 YJ. I
0 2 4 6 8 12
Bubble Diameter (mm)
Figure 4.25. Experimentally measured cell death rates and calculated liquid entrainment
as a function of bubble diameter; results of this study and other investigators; (0) this
study, (s) Gardner et al., 1990, (A) Murhammer and Goochee, 1988, (*) Tramper and
Vlak, 1988, (0) Tramper et al., 1986, (----) Newitt et al., 1954, and (-) Garner et al.,
1954.
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correlations (Newitt et al., 1954; Garner et al., 1954). The experimentally determined
death rates for all investigators are in good agreement with the entrainment results even
near the critical bubble diameter of 5 mm. Because the data of Garner et al. (1954) was
not given in term of the small and large droplet number and diameter generated by
lamella and jet breakup, it was not possible to calculate an entrainment rate for
experiments conducted by other investigators employing bubble diameters larger than
5 mm.
To physically check the entrainment results, droplets produced by jet breakup
were collected on glass slides and the viability of the cells in the droplets was measured
using trypan blue staining. Approximately 80 % of the cells were non-viable.
Rigorously, in order for the entrainment model to hold, all of the entrained cells would
have to be dead. There are two plausible explanations for the less than 100 % non-viable
cell number. First, because the viability measurement was taken immediately after
collecting the droplets, it is possible that all of the cells were sufficiently damaged by the
entrainment process that they would prove to be dead if the trypan blue test was repeated
an hour or more after collection of the droplets. Unfortunately, this measurement was
not taken.
Second, the correlation of entrainment to cell death rate is based on the
assumption that all entrained cells are killed but that cells in all other areas of the
bioreactor are unaffected by hydrodynamic and interfacial forces in the respective
bioreactor regions. This definition includes cells in the fluid contained in the lamella and
jet which is not transferred into droplets. Examples would be the fluid at the base of the
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lamella, where the lamella meets the horizontal plane of the gas-liquid interface, as well
as the base of the rising jet. With these two examples in mind, it is possible that not all
of the cells that are exposed to high level fluid shear generated by a bursting bubble are
entrained. Cells that are in or near the jet or lamella that do not actually get entrained
in droplets are exposed to the same shear as the cells that are entrained, and are most
likely killed.
When a bubble bursts, a downward jet is produced in opposition to the upward
jet (Figure 2.4). Computer simulations of bubble bursting indicate that shear stresses
associated with this downward jet as well as well as shear stresses at the two points
where the crater formed by the collapsed bubble meets the horizontal plane of the gas
liquid interface can be significant enough to kill cells (Garcia-Briones and Chalmers,
1991). If cells were killed in the fluid adjacent to bursting bubbles that is not ultimately
entrained, this would not necessarily invalidate the entrainment model. Most likely, the
entrainment model correctly describes cell death because it accounts for the dependence
of cell death on bubble diameter and bubble frequency. The bubble diameter is directly
proportional to the amount of energy dissipation (Equation (4.10)) as well as the affected
fluid volume; i.e. the bubble diameter defines the volume and number of the small and
large droplets produced by lamella and jet breakup, respectively. The bubble frequency
is equal to the number of bursting events.
The transfer of materials out of a bulk liquid, or the concentration of materials
to a gas-liquid interface by entrainment phenomena is not a new concept. The
hydrodyanmics of entrainment have been extensively studied (Garner et alt, 1954; Newitt
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et al., 1954; MacIntyre, 1968, 1972). The transfer of micron-size latex beads out of
a bulk fluid via entrainment in jet droplets has been reported (Quinn et al., 1975).
Electrification of the atmosphere above the sea has been attributed to the entrainment of
ions such as phosphate and sodium (MacIntyre, 1970; MacIntyre and Winchester, 1969;
Gathman and Hoppel, 1970). The removal of organic surface films by jet droplets is
another example of entrainment phenomenon (Blanchard, 1963, 1978). The water-to-air
transfer of viruses and bacteria have resulted in concentration of the viruses and bacteria
in the entrained droplets, approaching 50 times the suspension concentration (Baylor,
1977; Blanchard and Syzdek, 1972, 1982; Blanchard 1989).
Returning to the discussion of entrainment per bubble versus bubble diameter,
Figure 4.22, a question arises as to whether this result can be used to define a bioreactor
operating condition under which cell death by entrainment would be minimized while
maximizing the oxygen transfer rate to the system. A correlation for the liquid-phase
mass transfer coefficient developed through dimensional analysis (Akita and Yoshida,
1974) was used to calculate the mass transfer rate:
bs d 0.5 db b f
D02 Pf Do2D pf
(4.15)
or rewritten
kL = 0.5 g5/8 Do Pf "0-3/8 dip
where kL is the mass transfer coefficient and D02 is the liquid-phase diffusivity for
oxygen. The interfacial area per bubble is given by 6/db. Combining the two equations
into a mass transfer rate per bubble, kLa, results in a reciprocal dependence on the square
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root of the bubble diameter. A value for the mass transfer rate per bubble as a function
of bubble diameter was obtained by using the fluid properties for the cell culture medium
employed in the entrainment studies. The resultant mass transfer rate per bubble is
plotted against bubble diameter along with the entrainment per bubble from Figure 4.22
in Figure 4.26. To maximize kLa per bubble while minimizing entrainment per bubble,
a bubble diameter around 2 mm should be employed. Because both entrainment and kLa
increase linearly with bubble frequency, which is proportional to the reciprocal cube of
the bubble diameter, a small decrease in bubble diameter will result in a large increase
in bubble frequency, and thus a large increase in the number of bursting events. Hence,
it would be better to use fewer bubbles of around 2 mm in diameter to achieve the
desired mass transfer rate than to use more, smaller diameter bubbles. The same would
be true for bubble diameters greater than 5 mm. However, it is unlikely that the mass
transfer rate can be satisfied with a reasonable frequency of this size bubble. Bubble
diameters between 2.5 mm and 4.5 mm should be avoided as they result in the larger
entrainment volume per bubble.
4.5. Fluorescent Visualization
4.5.1. Rationale and Description
Because the entrainment measurements are indirect proof that bubble bursting
causes cell death, a system to physically demonstrate cell death by bubble bursting was
developed. The systems requirements were that it must be capable of visualizing cells
in the regions of bubble injection, rise and bursting, and differentiating live (viable) and
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Figure 4.26. Mass transfer rate and entrainment volume per bubble versus bubble
diameter. (----) mass transfer rate is for IMDM supplemented with 5 % (v/v) FBS and
2 % (v/v) Cellift antifoam. (-) entrainment per bubble is for air bubbles in water;
Newitt et al. (1954).
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dead cells. Many different types of visualization systems were evaluated, including dark-
field, bright-field and fluorescent visualization. In fluorescent visualization, cells are
stained with fluorophores and viewed via excitation of the fluorophores. Fluorescent
visualization enabled the condition of the cells (viable or dead) to be determined both on
a microscale, for viewing single cells or a section of a small bubble, and on a macroscale
for viewing an entire bubble column bioreactor. Fluorescent visualization also eliminated
the problem of light diffraction from bubble surfaces under bright-field light.
4.5.2. Microscopic and Macroscopic Visualization of Cells
Figure 4.27 shows a photograph of a fluorophore-treated cell suspension on a
microscope slide, viewed at 200 X magnification using a fluorescence microscope. The
viable cells, stained with calcein AM, appear green and the whole, non-viable cells which
are partially disrupted or have leaky membranes appear red. Note that although ethidium
homodimer is present in the bulk solution, its fluorescence intensity is too low to detect,
and thus renders a black background. Trypan blue staining of the sample resulted in a
greater than 95 % cell viability.
As more cells die, the ethidium homodimer (red) cross-links the DNA released
from cells resulting in the formation of large, fibrous, orange strands and aggregates of
cell debris (Figure 4.28). This aggregation is advantageous as it makes the dead cells
easier to visualize on a macroscale. These strands and aggregates appear orange rather
than red due to the calcein AM (green), released from the cell cytoplasm upon cell
183
Figure 4.27. Fluorophore-treated CRL-1606 cell suspension viewed at 200 X on a
microscope !side The cells are 95 % viable (green); dead cells are red.
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Figure 4.28. Fluorophore-treated CRL-1606 cell suspension viewed at 200 X on a
microscope slide. The cells are 50 % viable (green); red aggregates are aead cell debris.
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rupture, being entrapped in the aggregates of ethidium homodimer-bound DNA. Trypan
blue staining of the sample rendered a 50 % cell viability.
Macroscale visualization of the fluorophore-treated cell suspension is shown in
Figure 4.29. A rectangular bubble column bioreactor, 3.0 cm x 1.0 cm x 38.1 cm, was
inoculated with 20 ml of a 106 cell/ml fluorophore-treated cell suspension, giving a liquid
height of approximately 6 cm. The rectangular bubble column bioreactor was excited
with a 4-Watt Argon-ion laser along its axis, perpendicular to the direction of
photography. The live cells are readily visible as point sources of green light. There
are a few aggregates of dead (red) cells visible as some cells are killed in the fluorophore
treatment process by repeated cell centrifugation and resuspension. Trypan blue staining
of a sample from the bioreactor resulted in a 98 % cell viability.
4.5.3. Stable Versus Unstable Foam Layer
The first study with the fluorescent visualization system investigated the effect of
a stable versus unstable foam layer on cell viability. Due to the absence of surfactants,
the salt/sugar buffer in which the fluorophore-treated cells were suspended was non-
foaming. A stable foam layer was generated by addition of 1 mg/ml bovine serum
albumin (BSA) to a 106 cell/ml fluorophore-treated cell suspension. BSA enabled the
creation of a foam layer which was stable for 2 to 3 minutes. The top few layers of the
foam were disrupted by the drop-wise addition of Cellift antifoam, diluted in the
salt/sugar buffer, such that this antifoam solution was *otonic with respect to the cell
suspension.
186
Figure 4.29. Fluorophore-treated CRL-1606 cell suspension in a rectangular bubble
column bioreactor, 3.0 cm x 1.0 cm x 6 cm liquid height. Viable (green) cells are
visible as point sources of light. The cells are 98 % viable.
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If a bubble is formed on the tip of a pasteur pipette containing fluorophore-treated
cell suspension and viewed under a microscope, cells are visible floating on the bubble
surface and do not appear to be damaged by interfacial or film draining forces; i.e. they
appear green. From this observation, cells in a stabilized foam layer are not expected
to be damaged.
Figure 4.30 shows the fluorophore-treated cell suspension in the rectangular
bubble column bioreactor topped with approximately 3.5 cm of stabilized foam,
generated by momentarily bubbling at a high gas flow rate (100 ml/min) through a
20 gauge needle. Because of the large fluorescence intensity difference between the bulk
cell suspension and the foam layer, it is difficult to obtain adequate illumination of the
foam layer without getting complete washout (overexposure) of the bulk cell suspension
layer. Although it is difficult to see, the foam layer in this photograph does extend, at
a constant height, across the diameter of the bubble column bioreactor. The liquid in the
lamella of the bubbles appears green. This green fluorescence is not caused by the
reflection of light from the bulk solution into the foam layer. It is indeed due to the
presence of cells in the foam layer, indicating that all of the cells in the foam are viable.
From this photograph, it can be concluded that interfacial or film drainage forces in the
bubble lamella are insufficient to cause cell damage, at least on the short time scale of
this stabilized foam; being approximately 2 to 3 minutes. If the foam layer could be
stabilized for a longer period of time, cells would probably begin to die due to nutrient
depletion or osmolarity changes caused by drainage of solution components out of the
lamella.
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Figure 4.30. Effect of a stabilized foam layer on the viability of a fluorophore-treated
CRL-1606 cell suspension. Cells in the foarn layer are viable (green).
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A few drops of dilute Cellift antifoam were added to disrupt the top few layers
of bubbles. Immediately, red aggregates of dead cells appeared on the top of the foam
layer (Figure 4.31), indicating that cell damage in the foam layer does not occur until the
onset of bubble rupture. Although they are difficult to see in this photographic
reproduction, there are also huge, red aggregates of dead cells within the upper portion
of the foam layer. This cell debris is from lamella droplets that were ejected downward
and from droplets that were ejected directly upward and reentered the foam layer. In
addition, there are red aggregates present on the sides of the bubble column bioreactor
above the foam level, indicating that cells are ejected to considerable heights when a
bubble bursts. Cells in the lower portion of the foam layer that was not disrupted are
not damaged.
A foam layer was then repeatedly formed and completely disrupted by the
addition of Cellift antifoam to obtain sufficient cell debris to allow visualization. The
result of this treatment is shown in Fig'ure 4.32. Dead cells are visualized as orange
strands and aggregates adhering to the sides of the rectangular bubble column bioreactor;
again indicating that bubble bursting results in cell death. The bottom of the picture
marks the location slightly above the bulk liquid level. The semi-circle outline of orange
cell debris marks the location of the foam before it was disrupted. This pattern portrays
the mechanism of bubble lamella breakup; the lamella disintegrates into many small
droplets which are ejected radially from its surface, impacting the bubble column
bioreactor wall at trajectories normal to the surface of the lamella prior to breakup. The
velocities and release angles of the ejected droplets enable them to be deposited on the
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Figure 4.31. Effect of partial foam disruption on a fluorophore-treated CRL-1606 cell
suspension. Dead (red) cells are visible in the top few layers of the remaining foam as
a result of the rupture of the foam that was above this layer.
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Figure 4.32. Effect of repeated and complete foam disruption on a fluorophore-treated
CRL-1606 cell suspension. Dead (red) cell debris is visible on the inside walls of the
bioreactor.
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bioreactor wall at considerable distances above the foam layer; an illustration of the
magnitude of the force generated by a bursting bubble.
4.5.4. Bubble Bursting in a Foam-Free Bubble Column Bioreactor
To simulate actual laboratory and large-scale bioreactor operating conditions, the
effect of bubble bursting in a bubble column bioreactor under normal operation with no
foam layer, accomplished by the addition of 2 % (v/v) Cellift antifoam, was investigated.
A rectangular bubble column bioreactor was inoculated with 50 ml of a 106 cell/ml
fluorophore-treated cell suspension, giving a liquid height of 17 cm. Air with 10 % CO2
was sparged at a gas flow rate of 100 ml/min (2.0 wm), by the use of a 20 gauge
needle. Because the fluorophore-treated cells will remain greater than 90 % viable in the
salt/sugar buffer for a maximum of eight hours, a high gas flow rate was used to
expedite cell death.
Figure 4.33 shows the entire length of the bioreactor before gas sparging
commenced. Most all of the cells are viable (98 % by trypan blue staining), being
visible as point sources of green light. A few aggregates of dead (red) cells are detected
as a result of the fluorophore treatment process which requires repeated cell
centrifugation and resuspension. The same bioreactor, following two hours of bubbling
is shown in Figure 4.34. Aggregates of dead (red) cells are visible above the liquid
level, indicative of death by bubble bursting. There are very few red aggregates present
at any other location in the bioreactor suggesting that only bubble bursting stresses result
in cell death. The bulk fluid is more uniformly green rather than containing point
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Figure 4.33.
bioreactor prior
as point sources
Fluorophore-treated CRL-1606 cell suspension in a bubble column
to the commencement of gas sparging. Viable (green) cells are visible
of light. The cells are 98 % viaole.
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Figure 4.34. Fiuorophore-treated CRL-1606 celi suspension mn a bubble column
bioreactor following two hours of bubbling a:t 0 vvm. Dead (red) cells are visible
above the liquid levei, indicating that bubble bursting results in cell death.
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sources of green light, demonstrating that most cells have lysed and released their calcein
AM stores into the bulk solution. Due to the length of the exposure required to obtain
sufficient image lightness, bubble motion is not completely frozen on film. Hence, the
bubbles appear larger than their true size.
Figure 4.35 zooms in on the bubble bursting region four hours after bubbling
began. A bubble is present at the gas-liquid interface. The bottom of the red, dead cell
debris begins at the point where the top of a bubble momentarily comes to rest before
bursting. Many dead cells are visible quite a distance above the liquid level confirming
that cells are caught in the droplets generated by bubble lamella and jet breakup, and that
the droplets are ejected to considerable heights, eventually colliding with the bubble
column bioreactor wall where they are deposited. The red color of the cell debris also
confirms that the cells are killed by this entrainment process. Trypan blue staining of
a sample from the bioreactor revealed that there were no whole, viable or non-viable
cells in the bioreactor; only a trace amount of cell fragments were visible. Most of the
cell debris is on the bioreactor walls above the liquid level. The accumulation of
disrupted cells and medium components at the region of bubble disengagement was also
observed for another hybridoma cell line grown in serum free medium in bubble column
bioreactors (Handa et al., 1987).
Whether cell death is caused by forces associated with droplet formation (lamella
and jet breakup), impact with the wall, or reentry into the liquid cannot be determined
from these photographs alone. For all droplet sizes, impact velocity is by far greater
than reentry velocity. Impact velocity was simulated by splattering a cell suspension out
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of a pipette onto a glass slide, at a distance of 0.5 m from the pipette. This process did
not result in cell death. In light of this result and considering the magnitude of the shear
generated by lamella and jet breakup (Section 4.3.2), most likely forces associated with
lamella disintegration and jet breakup are the cause of cell death.
4.5.5. Elimination of Bursting Damage - Oil Layer
In addition to bubble bursting, cells could be damage by forces associated with
bubble formation and bubble rise. The large height to diameter ratio of the rectangular
bubble column bioreactor (3.0 cm x 1.0 cm x 17 cm liquid height) coupled with the high
gas flow rate (100 ml/min), give rise to a large liquid recirculation rate (Equation (2.6)).
At a high liquid recirculation rate, cells that may be damaged in the regions of bubble
injection and rise are quickly swept to the top of the bioreactor where they may be
ejected from the liquid by bursting bubbles rather than recirculating downward. Flotation
of dead cells out of the regions of bubble injection and rise would dilute the number of
dead cell fragments in these regions, impeding their visualization. To determine if cell
death occurred in the regions of bubble injection and rise, a technique was developed to
remove cells from the region of bubble bursting.
A 2 to 3 cm light weight paraffin oil layer was placed on top of the bubble
column bioreactor cell suspension to prevent bubble bursting damage. This method was
first presented by Wudtke and Schugerl (1987) as a method of removing the cells from
the bursting region. The bubbles pass from the cell suspension and into the oil layer,
shedding their hydrophilic cell suspension skins as they enter the hydrophobic oil layer.
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The bubbles rise through the oil layer and burst at the oil-gas interface, a few centimeters
above the cell suspension level, thereby separating the cells from the damaging forces
of bubble bursting. As long as the gas flow rate is maintained at a reasonably low level,
the oil and liquid layers will remain separated. The gas flow rate was lowered to
50 ml/min to prevent mixing of the oil and cell suspension.
Side by side photographs of a bubble column bioreactor with an oil layer at the
onset of bubbling (left) and after four hours of bubbling (right) are shown in Figure 4.36.
These photographs were lightened considerably so that the oil layer could be visualized.
The middle of the bioreactors, where the laser beam is the most intense, are washed out
due to overexposure. The interface between the cell suspension and the oil layer is
barely visible. The yellow lines at the top of the photographs demarcate the oil-gas
interface. In the left photograph, bubbles can be viewed at the liquid-oil and oil-gas
interfaces.
No red (dead) cells are visible at the interfacial regions in either photograph.
Small aggregates of red cells are present in the bulk solution after four hours of
bubbling, indicating that other forces, possibly associated with bubble injection or rise
may cause a small but insignificant fraction of death compared to bubble bursting forces.
This cell death could also be the result of periodic entrainment of the cells into the oil
layer caused by the low level churning of the oil and liquid layer at the gas flow rate
used. A cell count (trypan blue staining) of the cell suspension after four hours of
bubbling revealed a greater than 90 % cell viability, verifying the fluorescent
visualization results.
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4.6. Protective Effects of Pluronic F68
4.6.1. Elimination of Bursting Damage - Pluronic F68
The reduction in bubble bursting cell damage afforded by Pluronic F68 was
investigated using the fluorescent visualization technique. Two bubble column
bioreactors operated at identical conditions, one without (left) and one with (right)
Pluronic F68 supplementation following four hours of bubbling are shown in
Figure 4.37. Focusing on the bubble bursting region reveals that most all of the cells
in the bioreactor without Pluronic F68 (left) are dead, whereas no red (dead) cells appear
at the interface of the bioreactor with Pluronic F68 (right). The bulk fluid in the
bioreactor without Pluronic F68 is uniformly green, indicating that calcein AM has been
released from a large number of dead cells. The photograph of the Pluronic F68
supplemented bioreactor was taken while bubbling. Hence, there was fluid motion to
blur the photographic image. Nevertheless, the medium is only faintly green and cells
can still be visualized as point sources of light, indicating that the majority of cells are
alive.
A cell count of both reactors confirmed this visualization result. All of the cells
in the bioreactor without Pluronic F68 were dead whereas the cells in the bioreactor with
Pluronic F68 supplementation were greater than 90 % viable. As can be viewed in
Figure 4.37, some red (dead) aggregates of cells are present in the bulk fluid of the
Pluronic F68 supplemented bioreactor, indicative of a small amount of cell death. In
accordance with the oil layer results, Pluronic F68 protects cells from bubble bursting
forces but may be ineffective, or at least inefficient in protecting cells against forces
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Figure 4.37. Elimination of bubble bursting damage by Pluronic F68 supplementation
of the medium; without Pluronic F68 (left), with Pluronic F68 (right), both after four
hours of bubbling at 2.0 vvm. Without Pluronic F68 all cells are dead, with Pluronic
F68 90 % of the cells are viable.
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associated with bubble rise or injection, which may account for the 10 % non-viable cell
number.
The protective effect of Pluronic F68 was studied in greater detail utilizing
microscopic fluorescent visualization. Figure 4.38 depicts a bubble formed from a
106 cell/ml fluorophore-treated cell suspension in a 50 /m glass capillary. Alternating
plugs of fluorophore-treated cell suspension and air were sucked into the capillary.
Bubbles were formed by slowly rotating a screw top plunger on the capillary. The
capillary was placed on the microscope such that gravity was acting downward on the
bubble, normal to the end of the capillary. The photograph was taken at 40 X
magnification. Because of the limited depth of field of the microscope, the entire bubble
could not be brought into focus.
A large number of viable (green) cells are present on the bubble lamella. The
cells are not damaged by the interfacial or film drainage forces on the lamella, at least
on the short time scale of the bubble stabilization; around 5 to 20 seconds. The large
concentration of cells near the base of the bubble is due to drainage of liquid off the
bubble surface.
Cell-free circular areas are observable on the lamella surface. These "holes" form
only in systems that contain surfactants or other amphophilic molecules such as proteins
and growth factors. In systems without surfactant, such as water, liquid quickly drains
out of the lamella, rapidly and uniformly thinning the entire lamella such that at any
instant in time the entire lamella has the same thickness. Thinning of the lamella
continues until its critical thickness is reached, at which point it destabilizes due to
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random excitation or external forces and breaks into droplets. The holes delineate
locations where the lamella has begun to thin faster than the cirrounding lamella areas,
pushing bulk fluid, and thus cells, out of this region.
These holes demarcate localized areas of high adsorbed surfactant concentration.
The holes form due to attractive forces between the surfactant molecules, concentrating
the surfactant in a localized area. Within these areas of high adsorbed surfactant
concentration, the surfactant molecules adsorbed at the two surfaces of the lamella act
to attract each other, expelling bulk fluid (and thus cells) from the space between the tr io
surfaces, thereby forming the holes. Expansion of the (holes) across the surface of the
lamella is impeded by the limited availability of surfactant molecules in the bulk fluid at
low surfactant concentration, or due to limited diffusion rates of the surfactant molecules
at high surfactant concentration. In both of these situations, local thinning within the
holes occurs faster than expansion of the holes across the surface of the bubble, leading
ultimately to local lamella rupture at one or more of the holes. This process of local
thinning is termed mixing (Bagchi, 1974) and is illustrated in Figure 2.3. and discussed
in further detail in Section 2.5.4.
As can be seen in Figure 4.38, local thinning (a "hole") occurs at many locations
on the lamella formed from the cell susI.I rcsion. In the case of the cell suspension, local
thinning at one or more of the holes does occur faster than expansion of the holes across
the surface of the bubble, resulting in cells being trapped in the disintegrating lamella.
Cells trapped in the lamella will be exposed to the high shear associated with lamella
breakup and most will be entrained in the droplets formed from the rim of the expanding
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hole as it retracts, resulting in death of the cells. Unfortunately, the fastest shutter speed
of the camera was orders of magnitude slower than is required to capture the lamella
disintegration process.
Formation of a bubble on the end of the glass capillary was repeated for cells
suspended in IMDM supplemented with 5 % (v/v) FBS to determine if, in the presence
of the surfactants in this medium, cells were present on the bubble lamella prior to
rupture. Cells, in concentrations similar to that in the salt/sugar buffer, were found on
the lamella prior to rupture, indicating that the surfactants present in the medium do not
possess the properties necessary to drain cells out of the lamella prior to destabilization.
A photograph of this experiment is not shown because, on film, the cells were difficult
to see against the background fluorescence of the medium.
If 0.2 % (w/v) Pluronic F68 is added to the culture medium, the holes quickly
expand across the entire surface of the bubble lamella, pushing bulk fluid and cells out
of the lamella. As shown in Figure 4.39, no cells are present on the surface of the
bubble. Cells inside the glass capillary from which the bubble was formed are visible,
proving that cells were present in the liquid that formed the lamella. A blur of cells,
representing cells which are quickly drained from the bubble lamella are visible around
and below the rim of the glass capillary. This drainage occurs in a fraction of a
microsecond, faster than the maximum camera shutter speed capable of producing an
adequately illuminated photograph from the low intensity light generated by the
fluorophores. Therefore, capturing a time course of the drainage process on film was
not possible.
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This process by which low concentrations of Pluronic F68 allows stabilization and
stepwise thinning of the bubble lamella is called denting (Bagchi, 1974) and is illustrated
in Figure 2.3. The presence of Pluronic F68 enables the formation of condensed
monolayers at the two surfaces of the lamella. These condensed monolayers act to attract
each other, expelling bulk fluid from the space between the two surfaces, thereby
forming the holes. In the case of Pluronic F68 supplemented cultures, expansion of the
holes across the surface of the bubble occurs faster than local thinning within the holes,
resulting in stepwise thinning of the entire lamella. Bulk fluid is forced out of the
lamella as the condensed monolayers of surfactant at the two surfaces of the lamella
attract each other. Bulk liquid, including cells, drains out of the lamella, thinning the
entire lamella at uniform thickness until the two tails of the adsorbed surfactant
monolayers just come into contact (Figure 2.3). At this point, the thickness of the
lamella is only twice the length of the surfactant molecule, making it impossible for cells
to be present in the lamella.
The ability of a surfactant molecule to dent is a function of its concentration in
solution, hydrophile to lipophile (HLB) balance, total length, length of its hydrophobic
and hydrophilic segments, and other physical properties. These properties will determine
the surfactants adsorbed area per molecule, adsorbed layer thickness, orientation at an
interface, etc., all of which collectively determine the surfactant's ability to dent.
Interestingly, Pluronic F68 is the only member of a larger family of poloxamers that
exhibits this property. This ability to drain cells away from interfacial regions where
high fluid shear forces are found may be the primary protective mechanism afforded by
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this polymer. In support of this hypothesis, droplets produced by lamella and jet breakup
from bubbles formed in CRL-1606 cell suspensions with and without Pluronic F68 were
collected on a glass slide. No cells were found in the droplets for the cell suspension
supplemented with Pluronic F68. This result indicates that drainage phenomena not only
removes cells from the lamella prior to rupture, but prevents cells from entering the
boundary layer fluid that forms the top portion of the jet, which subsequently breaks up
into droplets (Figure 2.4). Because of the high velocity of jet formation and the low
intensity of light emitted by the fluorophores, it was not possible to photograph jet
formation and breakup.
The idea that film drainage may be responsible for cell protection in Pluronic F68
supplemented cultures was first presented for hybridoma cells grown in bubble column
bioreactors using medium supplemented with 0.1 % (w/v) Pluronic F68 and varying
concentrations of FCS (Handa et al., 1987; Handa-Corrigan et al., 1989). The authors
suggested that culture medium supplemented with Pluronic F68 resulted in the formation
of a stabilized foam into which cells do not penetrate and are thereby not exp)osed to the
high level shear generated by bursting bubbles. Although the author did not realize that
the analogy could be extended to the bursting of individual bubbles, the general idea of
cell protection against bubble bursting via film drainage was realized.
For the cell suspension without Pluronic F68, cells were present in the droplets.
Only a very small fraction of the dead cells were still whole; most were completely lysed
by the entrainment process. Assuming that the concentration of cells in the ejected
droplets was equal to the bulk liquid cell concentration, trypan blue staining revealed that
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approximately 80 % of the original cells were dead. Because this viability measurement
was taken immediately after collecting the droplets, it is possible that all of the cells were
sufficiently damaged by the entrainment process that they would prove to be dead if the
trypan blue test was repeated an hour or more after collection of the droplets.
4.6.2. Effect of Pluronic F68 on Dynamic Surface Tension
Cell growth rate data for CRL-1606 cells cultured in the air lift bioreactors used
for the entrainment studies demonstrate that cells are more resistant to bubble bursting
forces when cultured in (in order of decreasing resistance) IMDM supplemented with
5 % (v/v) FBS, serum free IMDM or the salt/sugar buffer used in the fluorescent
visualization studies (Figure 4.40). The surface tension of each of each medium
decreases in the same order as the protective effect afforded to cells by each medium
against bubble aeration. Because additives such as serum and Pluronic F68 reduce
surface tension, the possibility that the reduction in surface tension afforded by Pluronic
F68 was responsible for its protective effect was investigated.
Other investigators have observed this reduction in surface tension afforded by
Pluronic F68, but have been unsuccessful correlating cell protection from bubble aeration
damage directly with the reduction. The reason for their failure may be that they used
an equilibrium value for the surface tension. Dynamic surface tension may be the
defining variable. Pulsating Bubble Surfactometer (Electronetics Corporation) studies
with lung surfactant have shown that surfactants can effectively reduce the surface tension'
of a collapsing interface by forming condensed monolayers at the interface (Enhorning,
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Figure 4.40. Growth rate of CRL-1606 cells in various medias in air lift bioreactors
operated at 2 vvm. (---) IMDM supplemented with 5 % (v/v) FBS, (-- A --) serum
free IMDM, (--U--) salt/sugar buffer used in fluorescent visualization studies.
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1977). The magnitude of the surface tension reduction is a function of both the rate of
the reduction in interfacial area and the ability of the surfactant to dent.
At equilibrium, the Gibbs surface excess parameter defines the concentration of
surfactant adsorbed to a hydrophobic/hydrophilic interface. As the surface area of the
bubble is quickly decreased, surfactant molecules do not have time to desorb. Their
concentration at the interface momentarily increases, decreasing the surface tension, in
the case of lung surfactant, nearly to zero (Section 3.6.5). Surfactants that can dent can
pack closer together before they are expelled from a shrinking interface and can thereby
render larger reductions in surface tension than surfactants which do not dent, or which
partially dent.
Measurement of the dynamic surface tension of water, IMDM and IMDM
supplemented with 5 % (v/v) FBS or 0.2 % (w/v) Pluronic F68 was performed using a
Pulsating Bubble Surfactometer. Unfortunately, the results were inconclusive. At the
minimum oscillation rate of the surfactometer, 10 cycles/s, no change in dynamic surface
tension was found (Figure 4.41). The data for IMDM and IMDM supplemented with
5 % (v/v) FBS is not shown, but both render the same non-changing surface tension.
At the maximum oscillation rate of the surfactometer, 100 cycles/s, very little change in
dynamic surface tension was observed. Figure 4.42 shows the hysteresis loop (surface
tension versus bubble surface area) obtained for water. Water should not exhibit a
dynamic surface tension. However, a small loop is found, indicating that the sensitivity
limit of the surfactometer has been reached at 100 cycles/s. Alternatively, the small loop
could be caused by impurities in the water. Figure 4.43 shows the hysteresis loop for
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Figure 4.41. Dynamic surface tension of water and IMDM supplemented with 5 % (v/v)
FBS and 0.2 % (w/v) Pluronic F68 at the minimum Pulsating Bubble Surfactometer
oscillation rate of 10 cycles/s. No change in dynamic surface tension is found.
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Figure 4.42. Dynamic surface tension of water as measured by a Pulsating Bubble
Surfactometer at the maximum oscillation rate of 100 cycles/s. Water should not exhibit
dynamic surface tension. The small hysteresis loop is a result of exceeding the
sensitivity limit of the surfactometer.
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Figure 4.43. Dynamic surface tension of IMDM as measured by a Pulsating Bubble
Surfactometer at the maximum oscillation rate of 100 cycles/s. A small, yet insignificant
hysteresis loop is obtained, indicating that IMDM does not exhibit a dynamic surface
tension upon surface area reduction.
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IMDM on the same scale as that for water. Although the loop is larger, this change in
surface tension is still negligible compared to that afforded by lung surfactant (Figure
3.2), a substance that is known to exhibit a dynamic change in surface tension with
change in surface area. A similar result is obtained for IMDM supplemented with 5 %
(v/v) FBS and 0.2 % (w/v) Pluronic F68 (Figure 4.44). Although it could be concluded
from these results that Pluronic F68 does not afford a dynamic change in surface tension
with change in surface area, it is also possible that the Pulsating Bubble Surfactometer
is incapable of measuring the effect because of the difference in time scales over which
the surfactometer acts to reduce surface area compared to a receding lamella.
Table 4.8 summarizes the length and time scales over which the surfactometer and
receding lamella acts.
Table 4.8. Length and time scales and the corresponding change in surface area
per unit time for a Pulsating Bubble Surfactometer and a bursting bubble.
db f AS AS*f
(nun) (s') (am2) (rmM2/s)
Pulsating Bubble 0.8 - 1.1 100 1.79 2.98
Bursting Bubble 2.5 3.3 x 104 19.6 6.5 x 10
The surfactometer changes the bubble size from 0.8 to 1.1 mm at a maximum oscillation
rate of 100 cycles/s. Thus, the surface area of the bubble changes by 1.79 mm2 in
10 ms. A bursting lamella formed from a bubble 2.5 mm in diameter recedes from a
dome shape to plane interface in about 30 ps (Newitt et al., 1954). Assuming that the
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Figure 4.44. Dynamic surface tension of IMDM supplemented with 5 % (v/v) FBS and
0.2 % (w/v) Pluronic F68 as measured by a Pulsating Bubble Surfactometer at the
maximum oscillation rate of 100 cycles/s. A small, yet insignificant hysteresis loop is
obtained, indicating that IMDM does not exhibit a dynamic surface tension upon surface
area reduction, or that change in surface tension is immeasurable at this oscillation rate.
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lamella is half of the total bubble surface area, the change in surface area is 19.6 mm2.
Referring to Table 4.8, the change in surface area per unit time for the receding lamella
is five orders of magnitude greater than that for the Pulsating Bubble Surfactometer. The
reduction in surface tension with decreasing bubble diameter measured by the
surfactometer is a result of an increase in the concentration of adsorbed surfactant per
unit surface area, rendered by the energetic favorability of the molecules to remain
adsorbed and the ability of the surfactant to pack tightly along the interface. Although
Pluronic F68 does not seem to possess the physical properties necessary to remain
adsorbed to and pack tightly along an interface at the surface area reduction rate of the
Pulsating Bubble Surfactometer, it is conceivable that on the time scale of the lamella
retraction, the surfactant may not have time to desorb. Thus, the surfactant concentration
at the interface would increase as the lamella receded, reducing the surface tension
toward zero.
The rate at which a disrupted bubble lamella is retracting is at least two orders
of magnitude greater than the maximum oscillation rate of the surfactometer. For this
reason, Pluronic F68 may be reducing dynamic surface tension on the time scale of the
bubble burst, but it is not detectable with the surfactometer equipment. The fluorescent
visualization system coupled with a high speed video system could be used to quantify
the magnitude of velocities and thus shear forces associated with lamella and jet breakup
by measuring the time/distance profile and thicknesses of the receding lamella and rising
jet. This could be done for medium with and without Pluronic F68 to determine if
Pluronic F68 induces a constant reduction in dynamic surface tension as the lamella
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recedes, which would result in a constantly decreasing velocity. Alternatively, the same
setup could be used to determine if Pluronic F68 alters the lamella thickness prior to
rupture.
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CHAPTER 5. CONCLUSIONS
Physiological and hydrodynamic phenomena that may affect cell damage in bubble
aerated bioreactors were identified. The detrimental effects of physiological phenomena
on cell growth were shown to be of much smaller magnitude and to occur on much larger
time scales than the hydrodynamic phenomena acting in bubble aerated bioreactors. For
this reason, this thesis focused only on the hydrodynamic phenomena. Hydrodynamic
phenomena which may affect cell death in bubble aerated bioreactors were categorized
into four regions of energy dissipation within the bioreactor. These four zones were the
regions of bubble injection, bubble rise, bubble bursting and direct bubble-cell contacts.
Estimates of the shear stresses generated in each of these four regions were made based
on characteristic length, velocity and time scales for energy dissipation in each region.
A literature review revealed the variables affecting cell death in bubble aerated
bioreactors. The dependence of cell death rate on these operating parameters along with
the order of magnitude estimates of the shear stresses generated in the four regions of
energy dissipation were used to systematically eliminate all but the most detrimental
hydrodynamic phenomenon that resulted in cell death. This analysis pointed to bubble
bursting as the main cause of cell death in bubble aerated bioreactors.
Animal cell growth and death studies in air lift bioreactors as well a fluorescent
visualization studies confirmed that bubble bursting is the major cause of cell death in
bubble aerated bioreactors. For the single, non-interacting bubble system used in this
work, there was no effect of bubble rise stresses or orifice stresses on cell damage. In
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all experiments, cells either did not contact the bubbles and grew normally, or upon
contact with a bursting bubble the cells completely lysed.
A literature survey of the mechanism of a bubble burst revealed that the bubble
dome (or lamella) disintegrates into many micron size droplets as it retracts. When the
two receding sides of lamella reach the base of the crater formed by the bubble, they
collide, transferring their momentum into two opposing jets which extend at high
velocity; one upward into the gas, and the other downward into the liquid. The upward
rising jet subsequently disintegrates into droplets that are hundreds of microns in
diameter. Estimates of the shear stresses generated by disintegrating lamella and rising
jets are larger than that required to cause cell death. The volume of liquid ejected
(entrained) by the small and large droplets produced by lamella disintegration and jet
breakup were determined as a function of bubble diameter by other investigators. This
entrainment volume revealed a striking resemblance to the volume of cells killed in
bubble aerated bioreactors.
Cells trapped in the liquid lamella or jet may be damaged by the high shear
stresses generated in these regions, or cells caught in the ejected droplets may be
damaged by forces associated with entrainment or re-entry into the bioreactor. It is not
clear whether all of the forces associated with lamella and jet formation and breakup are
sufficient to damage cells, or whether cells in areas immediately adjacent to bursting
bubbles that are not entrained are damaged by fluid shear forces. Nonetheless, a first
approximation was made that all cells caught in the small and large droplets produced
by lamella and jet breakup were killed by the entrainment process, and that cells in all
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other areas of the bioreactor were unaffected by the hydrodynamic and interfacial forces
generated by bubbles in the respective regions. Having made this approximation, an
attempt was made to correlate the cell death rate with the liquid entrainment rate.
The experimentally measured cell death rates were successfully modeled by liquid
entrainment rate, being the rate at which liquid is ejected by lamella rupture and breakup
of the jet that is subsequently formed. Liquid entrainment, and thus cell death, was the
greatest for small diameter bubbles and high bubble frequencies. For bubble diameters
greater than 1 mm, 99 % of the entrainment is from droplets produced by jet breakup
which are an order of magnitude larger than droplets from lamella breakup. For constant
bubble frequency, bubbles of approximately 3.5 mm in diameter gave the largest
entrainment per bubble. For bubbles greater than 5 mm in diameter, insufficient energy
(excess pressure) is contained within the bubble to cause the jet to rise to a length greater
than its diameter. Rayleigh instability therefore does not occur and the jet recedes back
into the liquid without generation of droplets. Because jet droplets are an order of
magnitude larger than lamella droplets, the entrained volume and thus the cell death rate
falls three orders of magnitude at a bubble diameter of 5 mm.
Cell death rate data from bubble aerated bioreactor studies of other investigators
that did not employ a single, non-interacting bubble model also correlated well with
liquid entrainment rate. This result indicates that bubble coalescence and breakup
phenomena prevalent at the high gas flow rates used in these studies did not significantly
increase cell death. In addition the splashing effect at the interface caused by several
bubbles bursting at the same time also did not substantially increase the cell death. In
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one study, orifice shear stresses were believed to contribute significantly to the cell death
rate at high gas flow rate.
With regard to minimizing entrainment, and thereby cell death, bubbles larger
than 5 mm should be used. Large bubble diameters are, however, impractical in large
scale equipment because of their small interfacial area for mass transfer. The mass
transfer rate increases as the bubble diameter decreases. However, as the bubble
diameter decreases, the frequency of bubbles and thus the number of bursting events
increases, increasing with the cube of the reciprocal bubble diameter. For these reasons,
maximizing the mass transfer rate while minimizing cell death via entrainment can be
achieved at an intermediate bubble size of approximately 2 mm. In terms of bioreactor
design, the frequency with which the cells contact the bursting region is linearly
proportional to the cell death rate. Because the entrainment experiments were conducted
in identical bubble aerated bioreactors, the entrainment rate does not account for the
effects of bioreactor geometry. For constant volume systems, as the height of the
bioreactor is decreased, the frequency with which cells contact the bursting region will
increase, increasing the rate at which cells are damaged by entrainment phenomena.
Further study on bubble aerated bioreactors may also lead to a rational methodology for
the design of the bubble aerated bioreactor itself or its operating parameters that would
reduce bubble aeration damage.
Cell damage by bursting bubbles was physically demonstrated using a fluorescent
visualization system. Photographs revealed that cells entrained in a foam layer are not
damaged by the interfacial or film drainage forces present in the lamellar region of the
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foam, at least for short periods of time, being 2 to 3 minutes for this study.
Destabilization of the top portion of the foam layer by addition of a small amount of
antifoam revealed that cell death occurs during bubble rupture. Bubble bursting was also
shown to be the main cause of cell death in foam-free bubble columns. Dead cells were
visible on the sides of the bubble column at considerable distances above the liquid level,
indicating that cells were ejected in fluid drops from lamella and jet disintegration.
Addition of a 2 to 3 cm thick light weight paraffin oil layer to the top of the bubble
column bioreactor effectively removed cells from bubble bursting region, and rendered
a greater than 90 % viability after four hours of bubbling, confirming the observation
that bubble bursting is the primary cause of cell death. Microscopic visualization of
bubbles revealed that many cells are present on the surface of the bubble lamella. These
cells are subsequently killed when the bubble bursts. Drops collected from bursting
bubbles were shown to contain over 80 % dead cells.
Addition of 0.2 w/v % Pluronic F68 to the culture medium resulted in almost
complete reversal of bubble aeration damage. Fluorescent visualization of bubbles
formed from cell cultures containing Pluronic F68 revealed that Pluronic F68 affords
protection to the cells, at least in part, by temporarily stabilizing the lamella and draining
all cells out of the lamella before the bubble destabilizes and bursts. Pluronic F68 may
also provide protection against bubble aeration damage by reducing the shear stresses
generated during bursting. The velocity of the receding lamella is proportional to the
square root of the surface tension and inversely proportional to the square root of the
lamella thickness. Pluronic F68 may act to reduce the dynamic surface tension or
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increase the lamella thickness prior to rupture, both of which would result in a decrease
in the lamella receding velocity and thereby a decrease in the shear stress. Pulsating
Bubble Surfactometer studies indicated that Pluronic F68 does not afford a dynamic
change in surface tension upon surface reduction, at least on the time scale measured by
the surfactometer. The possible increase in lamella thickness was not investigated in this
thesis.
Secondary protective effects provided by Pluronic F68 include reducing cell-
bubble contacts and thereby the concentration of cells at the top of the reactor via
flotation, and embedding directly in the cell membrane, increasing the shear resistance
of the cell membrane. Further analysis of the protective effects of Pluronic F68 may
reveal the physical properties that renders the protective effect. This information could
be used to design improved molecules that would exhibit enhanced protective effects.
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CHAPTER 6. RECOMMENDATIONS FOR FURTHER RESEARCH
Although the cell death rate was accurately modeled by the liquid entrainment
rate, the exact mechanism of damage via entrainment is not proven. Cells trapped in the
liquid lamella or jet may be damaged by the high shear stresses generated in these
regions, or cells caught in the ejected droplets may be damaged by forces associated with
entrainment or re-entry into the bioreactor. In addition, pressure fluctuations may be
responsible for the cell death. High speed visualization of the time versus distance
profiles of a receding lamella and rising jet would enable accurate determination of the
magnitude of the shear stresses generated in these regions. High speed microscopic
visualization of the same events using laser interferometry or related techniques that
enable visualization of pressure waves would render a measurement of the pressure
fluctuations in these regions. Microscopic high speed visualization would also enable
cells to be directly visualized as they were killed, possibly pointing to the precise
mechanism of death.
Since the critical lamella thickness prior to rupture is smaller than the diameter
of a cell, it would be interesting to perform high magnification microscopic visualization
of cells in the bubble lamella to determine if they are physically sitting on top of the
lamella, or if they pull liquid from the lamella over themselves such that they are always
surrounded by a liquid film. This would be important to the health of cells trapped in
foam layers that are stabile for long periods of time. However, since harvesting of the
cells ultimately requires lamella rupture, the health of the cells prior to rupture is, in
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most cases, immaterial. An exception would be if it were desired to float cells out of
a solution and into a foam layer that is separately collected and subsequently treated with
a film drainage reagent such that the cells could be harvested before the foam was
disrupted.
For constant volume systems, as the height of the bioreactor is decreased, the
frequency with which cells contact the bursting region will increase, increasing the rate
at which cells are damaged by bursting bubbles. However, a detailed analysis of the
frequency with which cells contact the bubble bursting region which accounts for
flotation of the cells due to adherence of the cells to the bubble interface, or entrapment
of the cells in the bubble wake has neither been performed or experimental!y tested.
This analysis would be essential for the design of large scale bubble aerated bioreactors.
The effects of bubble aeration on anchorage dependent cells attached to
microcarriers or within porous beads has also not been thoroughly investigated. Flotation
and collection of microspheres into the foam layer is an experimental difficulty of this
system. Microspheres are also known to promote stabile foam layers in otherwise non-
foaming or low-foaming liquids. If microspheres could be displaced from the bursting
region, whether bubble rise or injection forces are strong enough to damage cells
anchored to an interface could be investigated. The placement of an oil layer on top of
the bioreactor liquid, as demonstrated in the fluorescent visualization studies, may enable
microspheres to be displaced from the bubble bursting region.
A set of experiments aimed at designing a bioreactor that maximizes mass transfer
rate while minimizing entrainment rate would be interesting. This bioreactor would
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combine the factors that minimize entrainment with the parameters controlling flotation
and axial mixing to define a physical bioreactor design as well as a mechanical operating
scheme to reduce cell damage while maximizing mass transfer. One interesting design
that addresses these factors is the use of bioreactors with large height to diameter ratios
employing very small bubbles of pure oxygen that completely dissolve before reaching
the top of the column. This design has been tested in industry. A drawback of the
design is the buildup of CO2 in the bioreactor in the absence of a gas phase to strip it
out. This problem was minimized by intermittently sparging at high gas flow rate to
strip out the CO2.
Further investigation into the mechanism of protection afforded by Pluronic F68
is also necessary. High speed visualization of a bursting lamella coupled with electrical
resistance measurements across the lamella would enable the critical thickness of the
lamella prior to rupture as well as the time-distance profile of the receding lamella to be
determined. Performing such experiments on cell culture medium with and without
Pluronic F68 would reveal if this polymer increases the critical thickness prior to rupture
and thereby reduces lamella velocity. They would also reveal if Pluronic F68 alters the
dynamic surface tension of the retracting lamella. A rough calculation using the
diffusivity of Pluronic F68 indicates that over the time scale of the lamella rupture,
Pluronic F68 would not have time to desorb from the interface. Thus, the concentration
of Pluronic F68 at the interface would increase as the surface area of the lamella
decreased. If this occurred, the velocity of the lamella, which is proportional to the
square root of the surface tension, would constantly decelerate towards zero, resulting
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in a constantly decreasing shear stress. A reduced lamella velocity will result in a
reduced jet velocity and thus a reduced unbroken length, decreasing the shear stress in
the jet as well as the total entrainment.
Several other mechanisms by which Pluronic F68 affords protection to cells have
been reported in the literature. Pluronic F68 has been reported to collect at gas-liquid
interfaces and around cells, thereby converting particles that are more lyophobic in
character into more lyophilic entities. This adsorption would result in displacement of
cells from these interfaces. An example would be, preventing cells from adhering to
rising bubbles where they would experience the shear stresses associated with bubble
rise. Preventing cells from adhering to bubbles would also reduce flotation of the cells
to the damaging region of bubble bursting. Pluronic F68 has also been reported to
embed in the cell membrane, increasing its resistance to fluid stresses. Although the
magnitude of the increase in shear resistance has been shown to be lower than that
required to prevent bubble bursting damage, it may still be important in other fluid
shearing systems such as agitated bioreactors. Understanding the complete action of
Pluronic F68 would enable the development of new and improved polymers for cell
protection as well as render insight into the mechanism by which cells are damaged by
bubble bursting.
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NOMENCLATURE
A frequency factor for the Arrhenius rate theory (hr ')
A, cross sectional area of the orifice (cm2)
c, speed of sound in air, 340 m/s
db bubble diameter (cm)
dL diameter of the large droplets from jet breakup (pm)
d, orifice diameter (cm)
d, diameter of the small droplets from lamella breakup (Lm)
D02  oxygen diffusivity (cm'/s)
Dr tank diameter (cm)
E liquid entrainment (g liquid/g gas)
E' liquid entrainment (ml liquid ejected/ml liquid in reactor/hr)
E' liquid entrainment (ml liquid/bubble)
AE activation energy for death for the Arrhenius rate theory (cal/mole)
fb bubble frequency (bubbles/s)
fi frequency of interface contact (s ')
Fro Froude number of the orifice (dimen)
g gravitational acceleration constant, 981 cm/s2
H liquid height (cm)
k specific death rate constant for Arrhenius rate theory (hr ')
kd specific cell death rate (hr-')
kL mass transfer coefficient (cm/s)
K, substrate concentration at half-maximal growth (g/ml)
L Kolmogorov eddy length scale (pjm)
NL number of large droplets from jet breakup (number/bubble)
N, number of small droplets from lamella breakup (number/bubble)
P local power dissipation rate per unit mass (cm2/s3)
P. atmospheric pressure (N/m2)
Ap pressure difference across a bubble (N/m2)
Q gas flow rate (cm3/s)
R universal gas constant (cal/mole *K)
ReoL Reynolds number of the orifice (dimen)
s, radius of the hemispherical depression formed by a bubble (cm)
S substrate concentration (g/ml)
t time (s)
t, time for jet breakup (ps)
T temperature (°C, 0K)
v velocity scale (cm/s)
vj jet velocity (cm/s)
VL liquid velocity (cm/s)
v. orifice velocity (cm/s)
v, superficial gas velocity (cm/s)
va lamella velocity (cm/s)
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v, terminal velocity (cm/s)
vvm volume of gas per volume of liquid per minute
V, VT volume of the bioreactor (ml)
x characteristic length scale (cm)
X viable cell concentration (cell/ml)
Greek Letters
b, critical lamella thickness prior to rupture (Cm)
5, momentum boundary layer thickness (rm)
pA specific cell growth rate (hr ')
JVP apparent, or experimentally measured cell death rate, A, = (P - kd), (hr ')
Af fluid viscosity (g/cm s)
A,= maximum specific cell growth rate (hr -)
p, fluid density (g/cm 3)
p, gas density (g/cm3)
a surface tension (dynes/cm)
r shear stress (N/m2)
v kinematic viscosity (cm2/s)
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APPENDIX 1. CALCULATION OF BUBBLE DIAMETERS AND
ENTRAINMENT
A.1. Calculation of Bubble Diameters
Bubble size was calculated from the orifice diameter, gas flow rate and fluid
physical properties using theoretical correlations describing bubble formation at varying
orifice Reynolds numbers. The orifice Reynolds number is given by:
Pf Vo doReoL = (A.1)
9 f
where p, is the fluid density, v, is the velocity at the orifice, do is the inner diameter of
the orifice and pf is the fluid viscosity (Azbel, 1981). The velocity at the orifice is equal
to the gas flow rate, Q, divided by the cross sectional area of the orifice, based on the
inner diameter of the orifice:
4QV Q - (A.2)
c d2
Substituting Equation (A.2) into Equation (A.1) gives the orifice Reynolds number in
terms of the gas flow rate:
ReL = 4 f(A.3)
For thin liquids at ReOL < 200, a single bubble regime exists in which the size
of the bubble is determined primarily by the orifice diameter and the fluid physical
properties and is independent of the gas flow rate. For thin liquids at this low Reynolds
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number, there are no inertia or viscosity effects. A balance of buoyancy to interfacial
tension gives a relationship between the bubble diameter and the orifice diameter:
db g o (6 a d, )13J (A.4)
where a is the liquid surface tension, g is the gravitational acceleration constant and p,
is the gas density (Perry and Chilton, 1973; Azbel, 1981). Because the bubble diameter
is independent of the gas flow rate, the bubble frequency, fb, increases linearly with
increase in the gas flow rate:
(A.5)6Qfb =
n db
As the gas flow rate increases beyond that for a single bubble regime, the
frequency of bubble formation increases more slowly and the bubbles begin to grow in
size. For ReoL > 200, and viscosities from 1 to 1,000 cp, bubble diameter data is fit
well by the correlation:
-o 0.21 ddb = 3.23 Re1 ' Fri do
Q2  (A.6)
Fr
do g
where Fro is the Froude number (Moo-Young and Blanch, 1981). Compared to the
experimentally measured bubble diameters in this thesis, this correlation accurately
described the bubble diameter for 200 < ReoL < 800. Above this range, the following
correlation more accurately modeled the measured bubble diameter.
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In the intermediate bubbling regime, 200 < ReL < 2100, for conditions
approaching constant flow through the orifice (in contrast to constant pressure), buoyancy
and inertial forces approximately balance giving a bubble diameter that is dependent only
on the gas flow rate (Perry and Chilton, 1973):
db = 1.3786 Qn 5 g1 (A.7)
At the upper end of this Reynolds number range, the frequency of bubbles becomes very
nearly constant with respect to gas flow rate, and the bubble size correspondingly
increases with gas flow rate. In this higher Reynolds number range, this correlation
compared well with experimentally measured bubble diameters.
All of the above correlations required evaluation of fluid physical properties which
were measured for the various cell culture media used in this thesis (Section 4.1).
Table A. 1 summarizes the experimentally measured and calculated bubble diameters
based on the above correlations for the three Reynolds number ranges for the various
orifice diameters used in this thesis.
A.2 Calculation of the Entrainment Rate
The raw data on entrainment from Newitt et al. (1954) is reproduced in
Table A.2. The diameter and number of small and large droplets produced from lamella
and jet breakup, respectively, are given as a function of bubble diameter for three
different temperatures and five different collection heights above the gas-liquid interface.
The 35 0C data for the minimum collection height of 0.64 cm was used in this thesis for
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Table A.2. The number and diameter of small and large droplets produced by lamella
disintegration and jet breakup at various temperatures and heights above the liquid level.
Data of Newitt et al. (1954).
TABLE II.-Satuer Mean Daoneter of Drops from A4r Bubbles Ri~ng an, i'ater at the Rate
60 Bubbles per mninute and Bursttng at the Surface.
Sauter mean diameter:
-A o.ma
D)L, of large drops
(cm.)
35: ('.
0 0989
0-0955
0 0899
0-0831
0.0750
0.0915
0-089
0 0845
0 0793
0 0735
0 0855
0-083
0-0795
0 076
0 071
0.0799
0 0775
0 0751
o 0710
0- 0665
0 0728
0-0712
0- 0693
0 0663
0-063
45 C.
o 0905
0 0879
0' 0840
(. 0790
S0"720
oI t)b6
o 0838
I 0803
' 076
o 0707
0.083
0 0805
-U0775
f, 0731
( 067
' 0773
" 0758
.073
0 0695
o 0644
0 0725
0 0710
0-0688
41 006
0 0613
DS, of small drops
(cm. x 10')
25 C. 35 C. 45I C.
32
41
54
26
39
54
70
34
51
68
92
45
61
92
10b
87
118
133
20
28
37
54
24
36
55
67
32
49
65
87
421
67-
455
1,9
56
80
112
131,
18
24
33
45
22
34
50
63
30
45
58
81
40
63
83
105
57
80
109
129
N.B.-Only averages of repeat tests are showm.
TABLE III.--',mnber of Drops Formed fro,,t .lAr Bubblh. Ri,i,,y i ,, II
60 Bubbles per nnalte au,,d Bur,t,,q ,r thet .Surfacir.
Height of Number of large drops N
ble Impact (per mm. x 10:)
25 C. 350 C. 45'( .
1075
572
250
68
17
2580 1600
2100 1160
1500 750
825 350
290 90
3580
3200
2630
1920
1075
2580 1730
2050 1380
1500 945
950 510
360 160
4640 3500 2480
4300 3050 2095
3760 2480 1630
2980 1750 1000
1870 990 470
5860 4500 3740
5600 4170 3300
5080 3560 2740
4300 2750 1830
2800 1800 1100
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tettr ,t tJhe Rate of
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iumber of small drope
iper mm.)
23 (C. 35 C. 45' C.
718 4'90 260
24 3 207 17-35
17 •, 16 3 14-7
14 7 13 3 12-2
306-3
1! 3
12-7
10 1
201
14-8
9.8
7-7
120
11-7
7-.5
6-0
93-8
8-8
6-2
4-9
260
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11-6
10 3
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8.8
7.7-
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76
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13-7
11-3
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6-3
d
Bubble
diameter.
(cm.)
0-530
0 465
0-410
0-360
0-311
Height of
munpact
plate.
(cm.)
0-64
1.91
3-17
4-44
5-71
0-64
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4.44
5-71
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4.44
.571
0-64
1.91
3-17
4-44
.5 71
0 64
1-91
3-17
4 44
5-71
25' C.
0-100
0-0965
0-0919
0-0858
0-07884
0 092
0 0905
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0 0755
0 087
0-0847
0-0815
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1 0805
0 0790
0-0762
0-0733
) 0690
0 074
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I, 0693
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d
Bubl
- .(0009 ems.
d iameter.
(cm.)
0-330
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0-360
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plate.
(cm.)
0-64
1-91
3-17
4-44
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0-64
1-91
3- 17
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0-64
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3-17
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0-64
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the calculation of liquid entrainment rates. These liquid entrainment rates were then
compared to experimentally measured cell death rates in air lift bioreactors to test the cell
death via entrainment hypothesis.
Along with the entrainment data, Newitt et al. (1954) reported the observed
functionality of the dependence of the large and small droplet diameters and numbers on
bubble diameter. The data along with the best fit regressions based on the observed
functionalities are shown in Figure A. 1. The diameter of the small droplets produced
from lamella disintegration were reported to decrease with increasing bubble diameter
according to a power function of the bubble diameter. The best fit regression is:
d, = 5.50 d "IA CC = 99.8 (A.8)
where db is in centimeters and d, is in microns.
The number of small droplets was reported to increase with increasing bubble
diameter, but no functionality was reported. The best fit regression is a power function:
N, = 72.3 d36  CC = 98.3 (A.9)
where db is in centimeters and N, is in number of drops per bubble.
The diameter of the large droplets produced by jet breakup were reported to
increase nearly linearly with increasing bubble diameter. The best fit correlation is a
third-order polynomial:
d. = -3.76x10 -6  + 0.363 db - 0.524 db2 + 0.361 db3 CC = 99.9 (A.10)
where db and dL are both in centimeters.
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Figure A.1. The dependence of the small and large droplet numbers and diameters from
lamella disintegration and jet breakup, respectively, on bubble diameter. Data of Newitt
et al. (1954). (N) d, in mm, (0) N, in number/bubble/lO0, (0) dL in mm, (0) NL in
number/bubble.
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The number of large droplets was reported to decrease nearly linearly with
increasing bubble diameter. The best fit regression was linear:
NL = -2.95 db + 1.65 CC = 99.8 (A.11)
where db is in centimeters and NL is in number per bubble.
These correlations were used to calculated the entrainment rate for the bubble
diameters and gas flow rates used in the air lift bioreactor experiments. Entrainment rate
was calculated on a volume of liquid entrained per bubble basis:
E*= N36 ) +N (+ ý J6 L Nj. (A.12)
or, on a volume of liquid entrained per initial bioreactor volume per unit time basis so
that it could be compared to cell death rates:
nid 3•3 Jfb (A.13)E = NS + NL
or, on a mass of liquid entrained per mass of gas introduced basis so that it could be
compared to the correlations of Newitt et al. (1954) and Garner et al. (1954).
6 ) ( Q P, A.14)
The entrainment rate, calculated from the data of Newitt et al. (1954) and
transcribed from the figure of Garner et al. (1954) are shown in Figure A.2. Garner did
not provide complete droplet number and diameter data for the entrainment. For this
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Figure A.2. Liquid entrainment versus bubble diameter for air bubbles in water; (-- --)
250C, (--m--) 35 0C, (-- --) 450C from Newitt et al., 1954, (-o-) 40C from Garner
et al., 1954.
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AA%
reason, and because the data of Newitt et al. (1954) does not go beyond a bubble
diameter of 5.3 mm, entrainment rates for bubble diameters greater than 5.3 mm could
not be calculated. The effect of temperature on the entrainment is also shown for the
data of Newitt et al. (1954). As the temperature is decreased, the entrainment increases.
There are two factors that contribute to the increase in entrainment. First, at lower
temperatures a longer jet is formed due to the initial resistance to jet breakup at higher
viscosity. Second, a higher surface tension at lower temperature results in a larger
lamella receding velocity (Equation (2.7)) which affords a higher jet velocity, and thus
longer unbroken jet length. Because the entrainment does not change much with a 10'C
change in temperature, no attempt was made to correct the entrainment to match the
370 C temperature of the air lift bioreactors. The 35'C data was used for comparison to
the cell death rates in air lift bioreactors.
The entrainment from both studies is for water. The data of Garner et al. (1954)
was collected near 4VC. Because the fluid physical property data for the medium used
in the air lift bioreactor studies are different than that of water, an attempt was made to
correct the entrainment values for fluid physical property differences between the
systems. The energy released upon bubble rupture is proportional to the excess pressure
within the bubble (Equation (4.10)), which is equal to four times the surface tension
divided by the bubble diameter. Because this energy is converted into kinetic energy of
the receding lamella and rising jet, larger bubbles and lower surface tensions will result
in lower entrainment rates as well as lower shear stresses in the lamella and jet. Because
the viscosity has no effect on the velocity of the receding lamella (Equation (2.7)), and
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because an increase in viscosity serves only to increase the unbroken length of the jet,
viscosity will have a much less pronounced effect than surface tension on entrainment.
This effect is demonstrated by the large droplet diameter data of Garner et al. (1954),
reproduced in Figure A.3.
Figure A.3 shows the large droplet diameter versus bubble diameter for water,
benzene and ethyl alcohol at approximately 40C. The droplet diameter is largest for
water with a surface tension of 74 dynes/cm and a viscosity of 1.3 cp at 100 C (Physical
property data at 100 C is used for comparison since surface tension and viscosity data is
not available at 40C for benzene and ethyl alcohol.). The droplet diameter decreases for
benzene which has the second lowest surface tension, 30 dynes/cm, and the lowest
viscosity, 0.76 cp. The droplet diameter is the smallest for ethyl alcohol which has the
lowest surface tension, 23 dynes/cm, and a viscosity similar to water, 1.5 cp.
Newitt et al. (1954) found that the number of large drops was proportional to the
square root of the surface tension. This proportionality was noted as the single most
important factor in determining the number of large droplets. This dependence of the
large droplet diameter on surface tension arises because the same functionality exists
between lamella receding velocity and surface tension. The momentum from the
receding lamella in converted into the momentum of the rising jet. Hence, if the velocity
of the lamella is decreased in proportion to the square root of the surface tension
(Equation (2.7)), so will be the velocity of the rising jet. Thus, the jet will reach a
proportionately lower unbroken length with a proportionately smaller number of droplets
generated upon breakup.
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Figure A.3. Large droplet diameter versus bubble diameter for air bubbles in (---)
water, (-A-) benzene and (---) ethyl alcohol from Garneer t al., 1954.
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According to the entrainment data of Newitt et al. (1954), the diameter of the
large droplets increases nearly linearly with the bubble diameter. The bubble diameter
and thus the large droplet diameter is proportional to the cube root of the surface tension
(Equation A.4). To determine if the data in Figure A.3 exhibits this proportionality, the
ratio of the large droplet diameters for water and ethyl alcohol were multiplied by the
ratio of the surface tension of ethyl alcohol to the surface tension of water raised to the
power n:
d LM = 0A I' dt_ (A.15)
The value of n obtained from the regression was 0.38 to 0.5 which compares well to a
cube root dependency on surface tension.
The same procedure was performed for the total entrainment data versus bubble
diameter reported by Garner et al. (1954). The contribution to entrainment from large
droplets is given by the first term of Equation (A. 12). The entrainment from large drops
is proportional to the volume of the large droplets times the number of the large droplets.
This results in a dependency of the entrainment from large droplets on the surface tension
raised to the 1.5 power. According to the regression results for the data of Newitt et al.
(1954), the diameter of the small droplets is inversely proportional to the square of the
bubble diameter, and therefore inversely proportional to the surface tension to the two-
thirds power. Using the same analysis, the number of small droplets is proportional to
the bubble diameter to the 3.6 power, and therefore proportional to the surface tension
to the 1.2 power. This results in the entrainment from small droplets being inversely
253
proportional to the surface tension to the 0.8 power. Substituting entrainment values
from the data of Garner et al. (1954) for the large droplet diameter values into Equation
(A. 15) confirms the proportionality between entrainment for large and small droplets and
the surface tension. For a bubble diameter range of 2.5 to 4 mm for which over 99 %
of the entrainment will be from large droplets, the regression results in a value of 1.5
for n, confirming the proposed functionality. For a bubble diameter range of 7 to 9 mm,
for which the bulk of the entrainment is fromn small droplets, the regression gives a value
of -0.5 to -0.75, which is in good agreement with the proposed functionality.
The dependence of each entrainment variable on surface tension was then used
to correct the entrainment data for water to that for IMDM supplemented with 5 % (v/v)
FBS and 2 % (v/v) Cellift antifoam. Each variable was multiplied by the ratio of the
medium to water surface tension raised to the appropriate power, analogous to Equation
(A. 15). Since the viscosity of the medium was similar to water, no viscosity correction
was made. The variable were then used to calculate the entrainment. For the data of
Garner et al. (1954) the entrainment itself was multiplied by this surface tension ratio to
the appropriate power, dependent on the bubble diameter. The results are shown in
Figure A.4. The data of both studies collapses nicely to one line.
The cell death rate data from this thesis is added to these results in Figure A.5.
For some unknown reason, the cell death rate data follow the entrainment correlation for
water rather than the corrected entrainment which accounts for the surface tension
difference between water and the medium used in the cell cultures. It is possible that the
entrainment corrected for surface tension is accurate for pure liquids such as ethyl
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Figure A.4. Liquid entrainment versus bubble diameter for air bubbles in water at 4VC
from Garner et al., 1954 and 35°C from Newitt et al., (1954) and corrected for the
surface tension of cell culture medium at 370 C. The data from both studies collapses
onto the same line.
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Figure A.5. Liquid entrainment versus bubble diameter for air bubbles in water at 40C
from Garner et al., 1954 and 35 0C from Newitt et al., (1954) and corrected for the
surface tension of cell culture medium at 370C. (*) cell death rate data from air lift
bioreactors.
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alcohol, but that in mixed surfactant systems such as cell culture medium, the dependence
of entrainment on surface tension is not the same. Because the effect of cell culture
medium physical properties on entrainment could not be precisely determined, the
original entrainment data for water was used for comparison to the cell death rate data
from the air lift bioreactor studies.
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